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CHEMICAL AND METABOLIC STUDIES ON 
PHENYLALANINE* 


I. THE NITRATION OF PHENYLALANINE 


By RICHARD J. BLOCK ann DIANA BOLLING 


(From the Department of Chemistry, New York State Psychiatric Institute 
and Hospital, New York) 


(Received for publication, March 11, 1939) 


The quantitative estimation of phenylalanine depends upon 
the formation of a violet color when the amino acid is first nitrated 
and then reduced with hydroxylamine and ammonia. The 
chemical investigations which led to this observation are sum- 
marized briefly below. 

Mohler (4) in 1890 observed the formation of a red color when 
benzoic acid was nitrated with cold fuming nitric acid and the 
resulting product was reduced with ammonium sulfide in an am- 
moniacal solution. This reaction was modified by Grossfeld (5) 
who heated benzoic acid with an excess of concentrated sulfuric 
acid containing 10 per cent of potassium nitrate in a_ boiling 
water bath for 20 minutes. After cooling the solution, an excess 
of hydroxylamine hydrochloride followed by concentrated ammo- 
nia was added. ‘The solution became a cherry-red similar to the 
color of ferric thiocyanate. | 

In 1928, Kollmann (6) proposed a quantitative method for 
the estimation of phenylalanine in proteins which involved oxida- 
tion to benzoic acid and isolation of the latter by extraction with 
ether. Kapeller-Adler (7) hoped that by treating a protein hydrol- 


* Interest in the metabolism of phenylalanine was aroused by the find- 
ings of Folling (1), Penrose (2), and Jervis (3) of a new type of metabolic 
abnormality in man in which the organism is unable to catabolize phenyl- 
alanine normally. It is planned to carry out metabolic studies on patients 
with phenylpyruvic oligophrenia and on experimental animals. The pres- 
ent investigation was aided by a grant from Child Neurology Research 
(Friedsam Foundation) to Dr. G. A. Jervis. 
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ysate with nitric acid as employed by Grossfeld, the phenyl- 
alanine would be first oxidized to dinitrobenzoie acid which could 
be estimated by reduction with hydroxylamine and ammonia. 
Experimental attempts to verify this idea resulted in the formation 
of a violet color instead of the expected cherry-red. In order to 
explain this discrepancy, Kapeller-Adler proposed the mechanism 
shown in Equation 1. 


COOH 


(1) 


R = —-CH;CHNH.COOH. 


However, repeated attempts to isolate 3-nitroso-4-nitrobenzoic 
acid and 3-nitro-4-nitrosobenzoic acid from phenylalanine after 
nitration and reduction failed (cf. below). 

The chemical reactions given in Equation 1 were based upon 
the following experimental evidence which was taken largely 
from the literature. Mdorner (8) isolated p-nitrobenzoiec acid 
after treating proteins with hot concentrated nitric acid. Kapel- 
ler-Adler (7) observed that when p-nitrobenzoic acid was heated 
with 10 per cent potassium nitrate in concentrated sulfuric acid, 
the resulting nitration product gave a violet color on reduction 
with hydroxylamine and ammonia. However, the principal sup- 
port in favor of the reactions given in Equation 1 was based upon 
the studies of Meisenheimer and Patzig (9, 10). 

Meisenheimer (9) in 1903 reported that when o- or p-dinitro- 
benzene is carefully reduced with stannous chloride or hydroxyl- 
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amine in the presence of an excess of alkali, a deeply colored 


solution resulted (Equation 2). 


(2) CeH.(NO2)2 + + 2KOH — + 2H20 


That is, 2 hydrogen atoms entered the benzene ring in the 1,2 
or 1,4 positions to form the two diacidihydrodinitrobenzenes 


with the structure shown in Equation 3. 
(3) | or | 


Meisenheimer and Patzig (10) continued these investigations and 
isolated the sodium salt of diaci-p-dihydrodinitrobenzene (Equa- 
tion 4). 


(4) + 2NH.OH + 2NaQH — 
+4H,O+ N, 


The analogous conversion of o-dinitrobenzene into diaci-o-dihy- 
drodinitrobenzene was not successful but the latter compound was 
obtained from o-nitronitrosobenzene by the addition of alkali. 


(5) + 2NaOH — + 


Meisenheimer and Patzig (10) also found that when p-xylene was 
nitrated and the resulting dinitro-p-xylenes were treated with 
alkaline hydroxylamine, a red-colored compound was formed. 
After extraction of the alkaline solution with ether, and acidifica- 
tion of the aqueous residue with hydrochloric acid, a compound 
was isolated which they believed to be o-nitronitroso-p-xylene, 
but which may have been 2-nitro-5-nitroso-p-xylene. Meisen- 
heimer and Patzig summarized their findings as indicating that 
diaci-o-dihydrodinitrobenzene derivatives are colored violet and 
diaci-p-dihydrodinitrobenzene derivatives are red, an observation 
which we have fully confirmed. 

The experiments described in this paper were undertaken in 
order to elucidate, if possible, the reactions involved in the for- 
mation of the violet color from phenylalanine. The results of our 
experiments confirm the suggestion of Kapeller-Adler (7) that the 
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chromogen formed in the determination of phenylalanine is a deriv- 
ative of diaci-o-dihydrodinitrobenzene. The mechanism shown 
in Equation 6, which is based upon data given in this paper, 1s 
proposed. 


R, R R 
| | | 
UN 
HNO: | Inco Ha 
| | 
| 
R i} | R 
| JNO 
/ NO / 
NO, | —=NOONa 
H NO, Pie, 
Yellow | Violet 
JNO 
NO 


R, may be ~-CH,CHNH,COOH, —CH,CH,COOH, or — CH,COOH. 

R may be ~—CH,COOH, or 
COOH. 

As mentioned above, the nitration of benzoic acid under the 
eonditions of Mohler (4) and others (5, 11) followed by reduction 
of the resulting dinitro compound gave a red color. It has been 
reported in the literature that this color is due to 3 ,5-dinitroben- 
zoic acid. The results reported in this paper indicate that the 
cherry-red color is probably formed from 2,5-dinitrobenzoie acid 
according to Equation 7. 


COOH COOH COOH 


HNO, 
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COOH 
J 
is 
NOw 
NaOH Naoon= 
| xo o 
W MH 
| COOH 
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It appears that the positions of the nitro groups which are 
introduced into the benzene ring of benzoic acid and its derivatives 
may vary with conditions. Benzoic acid and m-nitrobenzoic 
acid do not yield 2,5-dinitrobenzoic acid under the nitrating 
conditions which we employ; but 2,5-dimitrobenzoic acid was 
formed from o-nitrobenzoic acid. On the other hand, p-nitroben- 
zoic acid yields a small amount of 3,4-dinitrobenzoic acid by 
nitration with 20 per cent potassium nitrate in concentrated sul- - 
furie acid. 

As will be seen below, the presence of two nitro groups in the 
é 1,2 position on the benzene ring permits, in certain cases at least, 
reduction of one double bond with as mild a reducing reagent as 
hydrogen sulfide in acid solution. 


EXPERIMENTAL 


Synthesis —3-nitro-4-nitrosotoluene, 2-nitroso-3-nitrotoluene, 2- 
nitroso-5-nitrotoluene, 3 ,4-dinitrotoluene, 2 ,3-dinitrotoluene, and 
2,5-dinitrotoluene were synthesized from 3-nitro-4-aminotoluene, 
2-amino-3-nitrotoluene, and 2-amino-5-nitrotoluene according to 
the procedure of Page and Heasman (12). The nitrosonitro 
compounds were prepared by oxidation of the aminotoluenes 
with persulfurie acid and the dinitrotoluenes were made by 
oxidation of the nitronitrosotoluenes with warm fuming nitric 
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acid. The properties of these compounds are in agreement with 
the literature. The 2,3-, 2,5-, and 3,4-dinitrotoluenes were 
recrystallized from alcohol. 

p-Nitrophenylalanine was prepared from dl-phenylalanine by 
nitration with fuming nitric acid at 0° according to the directions of 
Erlenmeyer and Lipp (13). M.p. 244°. Erlenmeyer and Lipp 
give 242-243°. 

Nitration'—The following compounds in | to 2 mg. quantities 
were nitrated by warming on the steam bath for 20 minutes with a 
20 per cent solution of potassium nitrate in concentrated sulfuric 
acid,’ l-phenylalanine, phenylacetic acid, phenylpropionic acid, 
p-nitrobenzoic acid, dl-p-nitrophenylalanine, toluene, benzal- 
dehyde, benzoic acid, aniline, nitrobenzene, cinnamic acid, man- 
delie acid, phenylpyruvic acid, phenylserine, o-nitrobenzoic acid, 
m-nitrobenzoic acid, o-nitrotoluene, m-nitrotoluene, p-nitrotol- 
uene, a-amino-p-hydroxyphenylacetic acid, tyrosine, m-amino- 
phenylacetic acid, 2-amino-3-nitrotoluene, 3-nitro-4-aminotoluene, 
and 3-nitro-4-aminobenzoic acid. 

The resulting reaction mixtures, as well as 2,3-dinitrotoluene, 
2,4-dinitrotoluene, 2,5-dinitrotoluene, 2,6-dinitrophenol, 3,4- 
dinitrotoluene, 2,4-dinitrobenzoic acid, p-toluquinone, and 2 ,4,6- 
trinitroresorcinol, were reduced with hydroxylamine and am- 
monia (14). 

By this procedure, only the two o-dinitrotoluenes and the 
nitration products of phenylalanine, p-nitrophenylalanine, phenyl- 
acetic, phenylpropionic, and p-nitrobenzoic acids gave the violet 
color typical of diaci-o-dinitrodihydrobenzene (cf. Figs. 1 and 
2). 2,5-Dinitrotoluene and o-nitrobenzoic acid gave the cherry- 
red color of diaci-p-dinitrodihydrobenzene (cf. Fig. 1). Some of 
these data are summarized in Table I in which the amount of 


1 Nitric oxide fumes were not observed during the nitration of phenyl- 
alanine, phenylacetic acid, etc. 

2 The time of heating, which was taken from Grossfeld and Kapeller- 
Adler, does not appear to be of great significance, for equivalent amounts 
of color were developed by phenylalanine which had been heated 5, 10, 15, 
and 20 minutes respectively. However, when the nitration was carried out 
at room temperature for 30 minutes considerably less color was formed. 

’ The absorption spectra were made in the Electrical Testing Labora- 
tories, New York. 
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color from 3,4-dinitrotoluene has been assigned the value of 100 


per cent. 

According to Meisenheimer and Patzig (10) (Equation 5), 
alkalization of 3-nitro-4-nitrosotoluene and 2-nitro-3-nitroso- 
toluene should result in the formation of the violet color; this was 
confirmed experimentally. 


100 
I IC 
5 S — 
ree) \ < ‘ 
40 
3 \ 
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20 Sy 
0 400 550 700 
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Fia. 1 Fic. 2 


Fic. 1. Absorption curves of o- and p-dinitrobenzene derivatives. 
Curve 1 3,4-dinitrotoluene, Curve II 2,5-dinitrotoluene, Curve III nitrated 
phenylalanine, Curve IV 2,3-dinitrotoluene. 

Fic. 2. Absorption curves of nitration products of phenylalanine and 
related compounds. Curve I p-nitrophenylalanine, Curve II phenylalan- 
ine, Curve III phenylacetic acid, Curve IV phenylpropionic acid. 


Isolation of Diaci-3 ,4-Dinitrodthydrophenylalanine—825 mg. of 
l-phenylalanine were dissolved in 10.7 ec. of concentrated sul- 
furie acid which contained 1.96 gm. of barium nitrate. The 
phenylalanine solution was warmed in an evaporating dish for 20 


* The quantity of chromogen was determined in the Goudsmit-Summer- 
son photoelectric photometer (Klett), the Zeiss step-photometer, or prefer- 
ably in the Evelyn photoelectric colorimeter. 
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minutes on the steam bath. At the end of this period, the solu- 
tion was poured into an Erlenmeyer flask and diluted with 500 
ce. of water. The aqueous solution was heated to boiling and an 
excess of basic lead carbonate was added. The precipitate was 
removed and thoroughly washed with hot water. The lead was 
removed from the warm filtrate with hydrogen sulfide. After 
the lead sulfide was centrifuged off, the solution was concentrated 
to 50 cc. in vacuo. This solution gave the typical violet diaci-o- 
dihydrodinitrobenzene color on treatment with sodium carbonate; 
v.e., the benzene ring had been partly reduced by hydrogen sulfide. 
The chromogen was extracted with butyl aleohol and the solvent 
layer was dried over sodium sulfate. The sodium sulfate was 


TABLE I 
Developmeni of Color by Nitration of Various Compounds 


Compound Color 

per cent 
l-Phenylalanine + glycine, etc........................ 27 

Phenylacetie acid... .. 7 


removed by filtration and thoroughly washed with butyl alcohol. 
The yellowish red solution was concentrated vacuo until crystals 
appeared in the flask. These were redissolved by warming on the 
steam bath and crystallization was allowed to take place first at 
room temperature and then in the refrigerator. The first crop 
weighed 132 mg. M.p. 180-181° (uncorrected). A second crop, 
430 mg., m.p. 180-181° (uncorrected), was precipitated from the 
mother liquors of Crop 1 by the careful addition of ether. 
Recrystallization of Crop 2 from aleohol and ether gave a 
light yellow product which melted very sharply with decomposi- 
tion at 182—183° (uncorrected), and which darkened somewhat on 
drying in the oven at 110° for 24 hours. The compound gives a 
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negative ninhydrin reaction.® Analysis of the oven-dried material 
showed the following composition, C 43.6 per cent, H 4.1 per cent, 
N 16.2 per cent; calculated for diaci-3 ,4-dihydrodinitrophenyl- 
alanine, C 42.0 per cent, H 4.28 per cent, N 16.3 per cent. This 
compound, presumably  diaci-3 .4-dinitrodihydrophenylalanine, 
gives the typical violet color with ammonia, sodium hydroxide, 
and sodium carbonate. The sodium salt gave the absorption 
curve shown in Fig. 38. The red filtrate from Crops 1 and 2 was 
evaporated to dryness over P.O;. The residue, a red amorphous 
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Fic. 8. Absorption curves of diaci-3,4-dinitrodihydrophenylalanine. 
Curve I diaci-3, 4-dinitrodihydrophenylalanine (filtrate), Curve II nitrated 
phenylalanine, Curve IIT diaci-3, 4-dinitrodihydrophenylalanine (m.p. 182°). 


solid, softened at approximately 65-70° and decomposed at 220 
250° (uncorrected). This substance, which is somewhat impure, 
when dissolved in dilute alkah, gave the same absorption spectrum 
as nitrated and reduced phenylalanine (cf. Fig. 3)? and it may 
be 3,4-dinitrodihydrobenzoic acid. 

Diaci-3 ,4-dinitrodihydrophenylalanine is soluble in water and 
warm 95 per cent aleohol but it is insoluble in absolute eleohol, 


* p-Nitrophenylalanine gives a typical ninhydrin reaction. 


u- 

10 

LS 

is 

ad 

p 

| 


10 Phenylalanine. 


ether, and benzene. It forms a yellow aqueous solution which is 
converted into the violet chromogen at approximately pH 9.5 
(pink to phenolphthalein). Addition of acid (hydrochloric, 
sulfuric, and acetic) regenerates the yellow color; alkalization 
again gives the violet salt. Diaci-3 ,4-dinitrodihydrophenylal- 
anine yields approximately 140 per cent of the color obtained 
from an equimolar quantity of phenylalanine. 

Isolation of 3,4-Dinitrophenylalanine—825 mg. of l-phenylala- 
nine were added to 10.7 ce. of cold concentrated sulfurie acid 
containing 1.96 gm. of barium nitrate in the same manner as 
employed in the isolation of diaci-3 ,4-dinitrodihydropheny!l- 
alanine. The excess sulfuric acid was removed with calcium 
carbonate and the solution was extracted with butyl alcohol and 
then with ether. The butyl aleohol solution was saved and it was 
concentrated in vacuo to dryness; the residue was dissolved in warm 
absolute aleohol and precipitated by the addition of ether. <A 
crystalline precipitate appeared. This precipitate, after several 
recrystallizations, melted at 155° and decomposed at 182°. It 
gave over 160 per cent of the color obtained from an equimolar 
quantity of phenylalanine. The ninhydrin test was negative. 
The substance had the following composition, C 43.0 per cent, 
H 3.72 per cent, N 15.1 per cent, calculated for CoHgO.N3-- 
4C,H;OH, C 48.1 per cent, H 4.3 per cent, N 15.1 per cent. This 
compound is probably 3 ,4-dinitrophenylalanine. 


Results 


It was found that of the thirty-six compounds which were 
tested in equimolar quantities only seven gave the typical violet 
diaci-o-dihydrodinitrobenzene color. These alone will be dis- 
cussed separately. 

3,4-Dinitrotoluene gave the greatest amount of color and was 
arbitrarily assigned the value of 100 per cent. 

2,3-Dinitrotoluene takes considerably longer to develop its 
maximum color, requiring approximately 120 minutes against 30 
minutes for the 3 ,4-dinitro compound. Even then, the maximum 
amount of chromogen formed is only about one-quarter of that 
produced by 3,4-dinitrotoluene under the same conditions. The 
similarities in the absorption spectra of the chromogens obtained 
from arbitrary quantities of 2,3- and 3,4-dinitrotoluene are 
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clearly brought out by the curves shown in Fig. 1 which were 
obtained in the Hardy recording color analyzer.® 

Nitration of phenylalanine, especially in the presence of glycine 
and tyrosine, produces approximately the same amount of color 
as given by an equimolar quantity of 2,3-dinitrotoluene, but color 
formation is rapid, similar to 3 ,4-dinitrotoluene. 

Nitration of p-nitrophenylalanine and phenylacetic acid gives 
only approximately 7 per cent of the color produced by the stand- 
ard, while phenylpropionie acid gives even less color than phenyla- 
eetic acid and only 3 per cent of that formed by 3 ,4-dinitrotoluene. 
As mentioned above, Kapeller-Adler stressed the fact that p- 
nitrobenzoic acid gives the violet color. It will be seen from Table 
I that only a very small amount of the color is obtained with p- 
nitrobenzoic acid. 


SUMMARY 


1. Nitration of phenylalanine, phenylacetic acid, and = £- 
phenylpropioniec acid with potassium nitrate in concentrated 
sulfuric acid at approximately 100° yields the p-nitro derivatives; 
these are then further nitrated to the 3,4-dinitro compounds. 

2. Derivatives of o-dinitrobenzene are relatively easily re- 
duced by hydroxylamine or hydrogen sulfide to the corresponding 
derivatives of diaci-o-dinitrodihydrobenzene which in alkaline solu- 
tion (about pH 9.5) form the violet o-quinone-like compounds of 
o-isodinitrodihydrobenzene. On the other hand, reduction of 
derivatives of p-dinitrobenzene yields, under the same conditions, 
cherry-red p-quinone-like compounds of p-isodinitrodihydroben- 
zene. 

3. The possible mechanisms involved in formation of a violet 
color from the nitration of phenylalanine followed by reduction 
in alkaline solution and the formation of a red color from benzoic 
acid under the same conditions of nitration and subsequent re- 
duction are given. 


We wish to thank Professor Hans T. Clarke for helpful ad- 
vice during this investigation and Dr. J. A. Stekol and Dr. G. A. 
Jervis for some of the compounds used in the nitration studies. 
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DEPOSITION AND UTILIZATION OF FATTY ACIDS 


II. THE NON-PREFERENTIAL UTILIZATION AND SLOW REPLACE- 
MENT OF DEPOT FAT CONSISTING MAINLY OF OLEIC 
AND LINOLEIC ACIDS; AND A FATTY ACID 
ANALYSIS OF CORN OIL 


By HERBERT E. LONGENECKER* 
(From the Department of Biochemistry, Queen's University, 
Kingston, Canada) 
(Received for publication, March 24, 1939) 


The well known experiences of livestock producers in “harden- 
ing’ animal body fats by feeding a ration that is high in ecarbo- 
hydrate or protein and low in oils containing unsaturated fatty 
acids, especially those more unsaturated than oleic, have received 
experimental verification from several laboratories (1-5). <A 
gradual reduction of the iodine number from higher levels to a 
value approaching 65 has been the usual result from tests 
with rats. In Paper I of this series (6), such changes received 
further confirmation and were explained in terms of specific 
changes in fatty acid compositions. 

The experiences of Anderson and Mendel (1) with respect to 
this problem are stimulating. Using rats they found that with 
an equicaloric change in the ration from 60 per cent peanut oil to 
starch, the iodine value of the body fat dropped progressively 
from 98 to 65 after 35, 49, 55, and 68 days of feeding, but the value 
did not go lower than 65 even after the 68 days feeding. How- 
ever, When animals were fasted to deplete their preformed reserves 
of body fat prior to feeding the earbohydrate diet they then de- 
posited a fat of iodine number 55 in the short period of 18 days. 
Difficulties in hardening the body fats were even more marked 
when the animais had been fed corn or soy bean oils previous to 
feeding a high carbohydrate diet. A rearrangement of data 
taken from Anderson and Mendel’s publication (1) clearly illus- 
trates this point (Table I). 


* National Research Council Fellow in the Natural Sciences. 
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Two factors seem to have affected the extent to which rat body 
at was modified during the hardening period, (a) the body weight 
and (6) the nature of the oil fed during a preliminary period. 

Apparently, the composition of the body fat (as can be de- 
termined by iodine values alone) remained unchanged as the 
animals grew from 150 to 250 gm. during the preliminary period. 
Presumably, then, in considering the relation of the varying 
responses to the body weight, the variable factor lies in the differ- 
ent total amounts of fat present at the time of the change in 
feeding. Anderson and Mendel did not report percentages of fat 
obtained. However, assuming no change in the percentage, it 1s 


TABLE 

Hardening Effect of a High Carbohydrate Diet on Body Fat Produced on a 
High Fat Diet (Data Derived from Anderson and Mendel (1)) 

Oil fed during preliminary period 


Soy bean, iodine | Corn, iodine value Peanut, iodine value 
feeding period value 132 | 124 | 2 


Iodine value of body fat after hardening period 


gm, 
150 123 (0) : 114 (0) 100 (0) 
150 95 (14) 89 (17) 82 (15) 
250 123 (0) 113. (0) 100 (0) 
250) 112 (21) : 111 (27) | 88° (39) 


The figures in parentheses represent the number of days the high car- 
bohydrate diet was fed. 


obvious that heavier animals have a greater absolute amount 
of fat. 

An inspection of the fatty acid composition of the three oils 
(Table II) used in Anderson and Mendel’s investigations adds 
additional evidence for an interpretation of their results. The 
chief points of difference among these oils le in the proportions 
of Cys unsaturated acids, with soy bean having the lowest per- 
centage of oleic and the highest of linoleie (+ linolenic); peanut 
oil is just the opposite and corn oil is intermediate between the 
two. In the absence of complete fatty acid analyses of the depot 
fats produced by feeding these oils one is lacking first hand evi- 
dence for the argument. However, in view of published detailed 
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examinations of body fats influenced by food fats (6, 10-12) it 
seems entirely reasonable that the body fats produced by these 
three oils contained Cis unsaturated fatty acids in relative pro- 
portions similar to those in which they oecur in the original oils. 
Herein, then, may lie the explanation of the results listed in Table 
I. The body fats of animals raised to a given weight on the three 
oils contained linoleic acid in the following order, soy bean > 
corn > peanut. Fasting, by reducing the total amount of fat, 
made it easier, therefore, to effect a more complete hardening by 
subsequently feeding a high carbohydrate diet, regardless of the 
type of oil used in producing the preformed fat. 


TABLE II 
Fatty Acid Composition of Soy Bean, Corn, and Peanut Oils 


Soy bean | Corn Peanut 
ae | Jamieson (8) analysis (9) 

mM percent weight per cent Mpercent M per 
7.0 7.8 | 11.0 10.3 
| 5.5 3.5 2.9 3.0 
Coo saturated........ 0.3 0.6 4.6 
1.6 1.0 
26.1 46.3 48.8 54.4 
54.7 41.8 34.0 26.2 
5.8 


Coo unsaturated 


These results of Anderson and Mendel have been amply con- 
firmed (2-6, 13). They seem at variance, however, with the con- 
clusions presented by Schoenheimer and Rittenberg (14) regard- 
ing the primary nature of the fat depots. The latter authors 
take issue with the classical conception of the fat reserves as un- 
changeable when there is no change in body weight (and, therefore, 
body fat). Their arguments are based on apparent changes 
in the deuterium content of depot fat acids in mice when there 
was no change in body weight. A half lifetime of 3 days for the 
fatty acids was indicated in early experiments and 5 to 9 days 
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in later ones. This was interpreted as evidence that the depot 
fat was rapidly replaced. 
It is indeed difficult to reconcile this view-point with the diffi- 


TABLE III 
Record of Animal W eights, and Treatments 


Average body 


Average body weight, Average body weight, 
Dog Chow ration high corn oil diet weight, carbohy- 
drate diet 
Group No. of 
No. animals Refeed 
After After After After 
Initial inanition Loss refeeding inanition Loss refeeding 
gm. gm. per cent gm. gm. per cent gm, days 
7 6 | 278 | 205 | 26.3| 279° 
Ss 4 263 | 192 27.0 258 223* 13.6 
12 Fs) 266 193 27.4 | 256 190 25.7 | 249* q 
13 104 127 34.5 200 195* 23 


* Animals sacrificed for body fat analyses. 


TABLE IV 
General Characteristics of Total Acetone-Soluble Lipids from Animals Whose 


Body Fats Were Deposited on a High Corn Oil Diet after a Preliminary 
Fast Which Depleted Their Preformed Store 8 of Mat 


Acetone-soluble lipids | mixed fatty acids 


(;roup 
ay Subsequent treatment Per Saponi- 
of fication Todine ‘“‘Solid”’ “Liquid” 
equiv- value | acids acids 


weight alent 


| gm. | gin. 
7 Control 15.14 290.4 101.118.65 14.2112.8 85.8 
8 Fasted (14% loss) 10.82 291.7 98.614.88 15.8 79.26 84.2 
200.8 97,813.48 13.5 86.37 86.5 


12“ (26% +), then 9.04 288.4 76.5)17.45 24.2 58.59 75.8 
refed Diet 300 | | | | 

13 Non-fasted, refed Diet 12.30 289.2 99.815.52 17.3 74.45 82.7 
| 300 directly | | | | | 


culties in completely hardening the depot fats discussed above. 
The relative inertness of rat depot fat has been further demon- 
strated recently in the slow disappearance of elaidie acid irom 
depot fat (15). 
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The experiments reported here deal with the change (or harden- 
ing) of fat depots produced on acorn oil diet when the latter was 
replaced by a high carbohydrate diet (a) directly and (b) after a 


TABLE Y 


Fractional Distillations of Methyl Esters of Corn Oil Fatty Acids 


Frac- 


tion 


No. | 


Sl 
S2 
S3 
S4 
S5 


* Rosenmund-Kuhnhenn (20) method. 


acids 


Weight 


gm. 


1.830 
2.018 


| 2.155 


1.733 


| 2.231 


9.967 


B.p. 
(2 mm.) 


167-168 | 


168 
168-172 
172-178 


Residue 


Saponi- 
fication Iodine 


equiva- value* 


lent 


259 .3 
269.4 | 
269.1 


Frac- 


tior 


No 


0 
.5| L2 
| L3 
| 285.7 | 27.2 
294.8 25.0 


L4 


LS 


| L7 
| L8 


LY 


| 1. 
| 
| 


L1. 


Ll. 


or 


Weight 


gr. 
17.598 
3.470 

4.234 

4.941 

6.368 
6.853 
413 
899 


64.319 


B.p. 
(2 mm.) 


162-181 
181 
181 
181 
18] 
18] 
181 
181 
181-184 
969 Residue 
207+ 


“Liquid” acids 


Saponi- 
fication 
 equiva- 


lent 


lodine 
value* 


114.7 


291.3 | 
294 


5 

294.6 

294.6 
8 123.8 


294. 
294.9 
294.9 | 
296.5 
371.3 


Redistillation of Fraction LI 


2.471 160-178 | 272.8 


| 2.524 
2.499 
| 3.731 
3.284 
2.341 


16.850 


+ Esters freed from unsaponifiable matter. 
} Saturated esters isolated after acetone-permanganate oxidation of 


unsaturated esters (21); saponification equivalent, 268. 


178-180 285.6 
180-181 293.2 | 
294.8 
181 294.7 | 


Residue 295.8 


123.8 


124.9 
126.0 


124.7 


123.2 
122.7 
119.5 
109.3 


49.6 
98.2 
119.2 
122.3 
117.1 
109.3 


period of inanition which served to reduce the total amount of 
fat present. 


There was the possibility that changes in composition of the fat 


depots might oecur during utilization (16, 6). 


It was desirable, 
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therefore, to study the composition of the reserve fat before and 
after varying periods of inanition.! 


EXPERIMENTAL 


Body fat, deposited in adult male rats raised from weaning on a 
stock ration (Purina Dog Chow), was depleted by fasting the ant- 
mals to a loss in weight of about 27 per cent. A new reserve fat 
was then produced by feeding the animals a diet high in corn oil 
until their original weight was regained (9 to 10 days). The 

ation was designed so that corn oil (Mazola) provided 84 per cent 

of the total calories and casein 16; 4 parts per hundred of a salt 
mixture (19) were added; the ration was supplemented daily by 
500 mg. of dried yeast and 1 drop of haliver oil diluted 1:50 in 
mineral oil. 

Immediately after the refeeding period, six animals, Group 7, 
were killed. ‘Three other groups of animals were forced to utilize 
their recently deposited fat reserves during a second period of 
inanition. Group 8 was fasted to a 14 per cent loss in weight; 
Groups 9 and 12 until they lost about 25 per cent. Groups 8 and 
9 were then sacrificed, whereas Group 12 was .again fed a high 
earbohydrate diet, No. 300 (6), in which sucrose replaced corn oil 
equicalorically, for 9 days. The animals in Group 13 were trans- 
ferred directly from the corn oil diet to the equicaloric Diet 300 
for a 23 day hardening period. 

The experimental procedures for preparation of total depot lipids 
and fatty acid analyses followed the methods described previ- 
ously (6). Table III indicates the average animal weights at 
various stages of the experiments. General information regarding 
the amount and nature of fat in the various groups has been as- 
sembled in Table IV. A complete fatty acid analysis of the corn 
oil used was obtained in a like manner (Tables V and II). 


DISCUSSION 


Several points arise immediately from a consideration of the 
molecular proportions of fatty acids obtained for the rat depot 
fats studied (cf. Table VI). The similarity in composition of 


! Since the completion of this work reports have indicated a preferential 
utilization of highly unsaturated fatty acids in fasting rats (17) and hiber- 
nating bats (18). 
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body fat produced from the high corn oil diet and the corn oil 
itself (Table I1) is not unexpected. The very close relationship 
would seem to indicate the direct deposition of ingested fatty 
acids in almost the same proportion as they exist in the food. 
That some depot fat synthesis from non-lipids in the diet was 
also taking place is evident from the percentage of hexadecenoic 


TABLE VI 
Molar Proportions of Fatty Acids Found in Depot Fats 
All groups of rats originally had a body fat deposited on a high corn 
oil diet. 


Group 12. G 
roup 13. 
Group 8. Group 9. | Non-fasted, 
Group 7. Fasted, 14. Fasted, 24 | fed high 


Acid joss, the 
 drate diet directly 
0.7 0.7 0.7 1.4 2.4 
12.2 14.1 11.8 22.1 16.7 
2.9 1.5 2.0 2.1 2.5 
Tetradecenoic........... 0.4 | 0.5 
peemmaecencic........... 6.9 4.2 5.4 12.1 6.6 
«44.8 46.5 48.8 46.7 50.8 
Arachidomic............. | 0.1 0.3 
Totals 
0.7 1.1 0.7 2.6 2.9 
19.1 18.3 17.2 34.2 | 23.3 
% unsaturated.......... 84.0 82.3 84.0 


acid found. ‘The synthesis of this acid during depot fat formation 
from carbohydrates and proteins has been demonstrated (6). 

It is now clear that utilization (during inanition) of depot fat 
containing mainly oleic and linoleic acids does not produce marked 
changes in the relative proportions of these acids. Little selection 
appears to have been made from the available fatty acid mixture. 
Admittedly, a gradual increase in oleic acid paralleling decreases 


d 

| 

| | 
| 


20) Fatty Acids. II 


of linoleic acid was found during fasting. It seems preferable, 
however, to regard this observation as within the limit of physio- 
logical variation rather than as an indication of a preferential 
utilization of the more highly unsaturated acids. 

Banks, Hilditch, and Jones (22) pointed out that rat fat con- 
tained negligible amounts of fully saturated glycerides, and Hil- 
ditch (23) has reaffirmed the principle of maximum distribution of 
fatty acids in the glycerides of animal depot fats which contain 
small proportions of stearic acid (e.g., rat fat). Assuming maxi- 
mum distribution for the component acids found in these studies, 
the removal of depot fat, molecule by. molecule, during inanition, 
would readily account for the small progressive changes observed. 

The influence of a low fat, high carbohydrate diet on body fat 
formed on a corn oil ration is clearly indicated in Groups 12 and 
13. Considerable alteration in the proportions of fatty acids was 
effected by the change in diet. Linoleic acid was reduced and the 
Ci, acids, palmitic and hexadecenoic, were increased. It should 
be noted, however, that a much greater change was accomplished 
by fasting animals to deplete their reserve fat stores prior to 
feeding them the high carbohydrate diet. This was true even 
though the hardening period was only 9 days for the fasted group 
(Group 12) as compared with 23 days for the non-fasted animals 
(Group 13). 

These data support the explanation developed earlier in this 
paper with respect to Anderson and Mendel’s (1) apparent anom- 
alies in hardening animal fats. They further strengthen the 
classical view of a more stationary reserve fat than was indicated 
by the work of Schoenheimer and Rittenberg (14). 

Schoenheimer and Rittenberg’s contention (14) that the depot 
fat is capable of replacement when there is no change in body 
weight is supported in part by the results with Group 13. These 
animals weighed practically the same at the end of the high 
carbohydrate feeding period as when they were taken off the corn 
oil ration (cf. Table III). They contained a lower percentage of 
fat, however, at the end of the hardening period than before it 
(cf. Table IV) and their fat was of a distinctly different composi- 
tion from that originally present (Table VI, Groups 7 and 13). 
It is clear, however, that while the depot fat did undergo marked 
change, it was not completely replaced. It is concluded, there- 
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fore, that the turnover of rat depot fat is a decidedly slower process 
than has been suggested in the case of mice. 

The analysis of corn oil (Tables I] and V) performed during the 
course of this work indicated the presence of small quantities of an 
unsaturated acid of lower molecular weight than oleic acid. ‘Too 
small an amount was handled for isolation and determination of 
structure. However, experience in recent investigations of seed 
oils (9, 24) has proved the existence of a Cys unsaturated acid. 
Qn this basis part of the unsaturation of distillate fractions 
obtained from the corn oil was calculated as hexadecenoic acid. 
No evidence was obtained for the occurrence of saturated acids 
higher than Cys. 


SUMMARY 


1. The depot fat laid down in fasted rats on a high corn oil diet 
was found to be almost identical in fatty acid composition with 
corn oil itself. It contained chiefly oleic (44.8 per cent) and lin- 
oleic (32.3 per cent) acids with 19 per cent Cys acids. 

2. Utilization of this reserve fat during inanition produced only 
slight changes in the molecular proportions of the component 
fatty acids. 

3. Considerable changes in fatty acid composition were effected 
by substituting an equicaloric ration containing sucrose instead of 
corn oil. These were most noticeable when animals were fasted 
previous to making the dietary change. The fasted animals 
after only 9 days on the hardening ration were found to have 
greatly increased proportions of Cys acids (22.1 per cent palmitic 
and 12.1 per cent hexadecenoic), about the same oleic acid (46.7 
per cent), but much less linoleic acid (13.2 per cent). The non- 
fasted animals, fed the hardening ration for 23 days, showed 
much less change from the original body fat (50.8 per cent oleic 
acid, 20.2 per cent linoleic acid, 16.7 per cent palmitic acid, and 
6.6 per cent hexadecenoic acid). A slow turnover of rat depot 
fat is postulated. 

4. An explanation of Anderson and Mendel’s (1) diffieulties in 
completely hardening animal fats is suggested on the basis of 
(a) the degree of unsaturation of the fat to be changed and (6) the 
amount of such fat present in the animal. 

5. A complete fatty acid analysis of corn oil showed the presence 
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of 48.8 per cent oleic acid, 34.0 per cent linoleic acid, and 11.0 
per cent palmitic acid. Minor amounts of myristic acid (1.7), 
stearic acid (2.9), and hexadecenoic acid (1.6 per cent) were found. 
The latter has not previously been included in analyses of corn oil. 


The continued valuable cooperation and kind encouragement of 
Dr. R. G. Sinelair have been greatly appreciated. Dr. C. G. 
King has very kindly given suggestions on the manuscript. 
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THE FATE OF PHOSPHOLIPID INJECTED INTRAVE- 
NOUSLY INTO THE RAT* 


By FRANCES L. HAVEN ano WILLIAM F. BALE 


(From the Department of Biochemistry and Pharmacology and the Department 
of Medicine (Radiology), School of Medicine and Dentistry, The University 
of Rochester, Rochester, New York) 


(Received for publication, March 28, 1939) 


Many attempts have been made to influence the phospholipid 
content of various organs of the body by the administration of 
phospholipid. Reports of results obtained upon feeding phospho- 
lipids are many and conflicting, one reason being, as pointed out 
by Sinclair (1934), that it is highly improbable that any intact 
phospholipid would be absorbed from the intestinal tract. The 
intravenous injection of phospholipid has been studied extensively 
by Pasternak and Page (1932) who employed two procedures. In 
the first, small amounts of brain cephalin were repeatedly injected 
into the ear vein of the rabbit over a period of about a month. In 
the second, larger amounts of brain cephalin were injected in single 
doses. Analyses of plasma, liver, heart, brain, and muscle were 
carried out at various times after injection. The lipid content of 
the plasma was always raised by injection, the increase persisting 
for longer periods after large doses than after small doses. The 
phospholipid content of the liver was greatly increased after the 
injection of a large dose of cephalin. No change was observed in 
the liver after small doses of cephalin. The ultimate disposition 
of this injected phospholipid is not known, although hydrolysis is 
indicated by the fact that there is an increased urinary phosphoric 
acid excretion as well as an accumulation of fat in the liver appear- 
ing after the phospholipid increase has disappeared. 

By injecting phospholipid containing radioactive phosphorus 
and determining the activity of organs and tissues at different 
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times after injection, we hoped to gain some insight into the fate 
of such injeeted phospholipid. 


EXPERIMENTAL 


In all the experiments, male albino rats weighing from 128 to 
170 gm. were used. The tumor rats had been inoculated from 2 
to 3 weeks previously with Carcinosarcoma 256. 

Preparation of Phospholipids Containing Radioactive Phosphorus 
~- Although lecithin has been synthesized by Griin and Limpdacher 
(1926, 1927), such lecithin is in all probability quite different from 
the mixture of phospholipids synthesized by the animal body. 
For this reason, we decided to use rats as agents in synthesizing 
phospholipids containing radioactive phosphorus. Such  phos- 
pholipid could then be isolated from the rat livers, emulsified, and 
injected into our experimental animals. The following procedure 
was employed. 

Red phosphorus which had been bombarded in the eyclotron 
at the University of Rochester was dissolved in aqua regia by 
gentle boiling. After removal of the excess acid by boiling, dis- 
tilled water was added and then solid sodium carbonate until the 
solution was just acid to litmus and basic to nitrazine (pH 6 to 7). 
“ach rat which was to synthesize active phospholipid received by 
stomach tube two 1 ec. doses of this disodium hydrogen phosphate 
solution, followed by 15 drops of cod liver oil to hasten absorption 
and synthesis. The two doses contained a total of approximately 
75,000 counts per minute on our scale-of-four counter. Approxi- 
mately 10 hours after feeding, the rats were killed, the livers 
removed, pooled, ground with sand, and extracted with aleohol- 
ether. Phospholipid was isolated by the method of Bloor (1929) 
but without the use of magnesium chloride. The phospholipid 
was reprecipitated in order to remove adhering neutral fat and 
cholesterol. The precipitated phospholipid was emulsified by 
thorough grinding in an agate mortar with 0.9 per cent sodium 
chloride solution. The three emulsions so prepared were found 
active to the extent of approximately 3500, 5000, and 14,000 counts 
per minute per gm. of phospholipid. 

Injection of Emulsified Phospholipid-—The rat to be injected was 
placed under light ether anesthesia, and an incision made in the 
skin of the hind leg to expose the femoral vein. A definite volume 
of the emulsion (usually 1 cc.) was slowly injected into the vein 
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from a 2 cc. syringe fitted with a No. 26 needle, 12 mm. long. 
Upon withdrawing the needle, the site of the venipuncture was 
held firmly closed for a minute or two to minimize bleeding. The 
incision was then closed and the anesthetic discontinued. Each 
rat received only one injection of emulsion. <A 1 ec. aliquot of the 
phospholipid emulsion used for injection was set aside for activity 
measurement! and phosphorus determination (Holtz, 1929). 
Since three different preparations of phospholipid emulsion 
(A, B, and C) were used for injection, the rats received slightly 
different amounts of phospholipid. Phosphorus was determined 
in duplicate on an aliquot of each emulsion. By assuming that 
phosphorus makes up 4 per cent of the phospholipid molecule, the 
total amount of phospholipid injected into each rat was calculated. 
Six rats (three tumor-bearing) each injected with 1 ec. of phospho- 
lipid Emulsion A received 0.12 gm.; two rats injected with 0.4 and 
0.9 cc. received 0.048 and 0.11 gm., respectively. The activity 
of 1 ee. of this emulsion was 411 counts per minute. Seven rats 
(three tumor-bearing) each injected with 1 ec. of phospholipid 
Emulsion B received 0.086 gm. having 1224 counts per minute 
per ce. Six rats, each injected with 1 ce. of phospholipid Emul- 
sion C, received 0.087 gm. having 453 counts per minute per ce. 


Analytical Methods 


At intervals varying from 2 to 72 hours after injection the ani- 
mals were killed by decapitation. Blood was collected in flasks 
containing saturated citrate. The gastrointestinal tract, after 
being clamped off just above the stomach and at the anus, was 
removed intact and freed from adhering fat and tissue. The heart, 
liver, lungs, spleen, kidneys, whole tumor, muscle samples (from 
non-injected legs), and the long bones of the legs were removed 
for analysis. Weighed portions of the minced liver of all the rats 
and of the spleen of Rats 46 to 62 were taken for isolation of 
phospholipid (Bloor, 1929). The long bones from each rat were 
extracted with 3 per cent potassium hydroxide in ethylene glycol, 
washed with water, dried at 100°, pooled, and weighed. The 
other tissues (including blood) were weighed, dried on the steam 
bath and hot-plate, and ashed at 500°. The excreta for the time 
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from injection until death were also collected, dried, and ashed in 
the same way. The | ce. aliquot of the phospholipid emulsion 
set aside at the time of injection was dried and ashed in the 
same manner. 

The ashed tissues were dissolved by heating with concentrated 
nitric and hydrochloric acids, sometimes with the aid of superoxol. 
The glycol-extracted bones were dissolved in concentrated hydro- 
chloric acid by gentle warming. Most of the solutions were made 
up to a volume of 2 cc.; larger amounts of ash were made to larger 
volumes. Phospholipids were dissolved in chloroform. The 
activity of the solutions was determined with the Geiger-Miiller 
counter. After measurement of the activity, the chloroform solu- 
tions of the phospholipids were made to volume and _ suitable 
aliquots analyzed by Bloor’s oxidative method (1929). 


Results 


Normal Rats-—The percentage of the original dose per organ 
calculated from the activity of each sample is shown in Fig. 1. 
The values on rats injected with the same emulsion and killed at 
the same time after injection were averaged. The percentage of 
the original dose per total phospholipid in the spleens of animals 
receiving Emulsions B and C and in all the livers was calculated 
from the activity and total amount of phospholipid in each sample. 
These results are also shown in Fig. 1. 

The values for blood and muscle were calculated from body 
weight according to data given by Donaldson (1924). For exam- 
ple, at death, the 2.95 ec. of citrated blood obtained from the rat 
4 hours after it received Kmulsion B weighed 3.043 gm. When 
corrected for the volume and weight of citrate added, the specific 
gravity of the blood was found to be 1.006. According to its 
weight (148 gm.), the rat should have 60.6 ec. of blood per kilo of 
body weight or 8.97 cc. (9.02 gm.). The activity, expressed as 
percentage of the original dose per gm. of blood, was found to be 
0.17, making the value for the total weight of blood 1.53 per cent. 
The same rat should have 41.6 per cent muscle, making 61.6 gm. 
of muscle. The activity, expressed as percentage of original dose 
per gm. of muscle, was found to be 0.11, making 6.78 per cent of the 
original dose present in the total muscle of this animal. 
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Data obtained on heart, kidney, feces, and urine, and fore leg 
bones for the rats shown in Fig. 1 are given in Table I. 

Examination of Fig. 1 reveals that values on rats killed at 2, 4, 
and 6 hours after injection with Emulsions A and C add up to 
more than 100 per cent. There are several explanations for this. 
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Fic. 1. The percentage of the original dose per organ of normal rats 
killed at various times after intravenous injection of liver phospholipid 


containing radioactive phosphorus. The total percentage is represented 
by the entire bar; fractional percentages are represented as designated. 


In the first place, the total weight of muscle and the total blood 
volume on each rat have been calculated from Donaldson’s figures 
rather than actually measured. In the second place, the per- 
centage of the original dose per gm. of muscle is based on the 
activity of the fore leg muscle of the rat. Such muscle might be 
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TABLE I 
Percentage per Organ (Normal Rats) of Original Dose of Marked Phosphorus 
(Injected As Phospholipid) 


Emulsion | Rat No. | gn ned | Heart | Kidney | Excreta Bones 
| ( 
| 28} 4.1 0.42 0.96 
27 6.4 0.78 1.62 
31 7.8 0.39 1.82 
18.5 | is 
B | 46 4.0 0.26 0.74 1.44 
48 6.3 0.29 1.06 12d 1.93 
50 8.0 0.34 0.94 5.68 2.84 
| 51 18.0 0.37 1.00 10.51 
60) 2.5 0.44 ).95 
| 
| | 20 
| 58) 4.0 | 0.34 0.82 | 1.35 1.25 
61 | 30.3 0.43 1.07 36.7 2.84 
0.44 1.04 35.2 2.87 


| 


* Average for the pair. 
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Fic. 2. The percentage of the original dose per organ of tumor-bearing 
rats killed at various times after intravenous injection of liver phospholipid 
containing radioactive phosphorus. The total percentage is represented 
by the entire bar; fractional percentages are represented as designated. 
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expected to have a more active metabolism than a great part of 
the remaining skeletal muscle and for this reason would take up 
radioactive phosphorus more rapidly. In the third place, appre- 
ciable amounts of blood are included in all organs when removed 
from the animal. This is particularly true of the liver and the 
spleen. Thus the apparent organ weights are greater than they 
should be, making the percentage activity per organ higher. 
Moreover, some of the gross counts, notably those on blood, 
muscle, and heart, were very low, making the net counts approxi- 
mately equal to the background counts, so that the error might be 
more than the 3 or 4 per cent inherent in the method. 

Tumor Rats—Data obtained on three tumor rats injected with 
Emulsion A and on three tumor rats injected with Emulsion B are 
presented in Fig. 2. The method for calculation of the percentage 
of the original dose per total muscle as used on data from normal 
rats is scarcely applicable to tumor rats in which the tumor 
accounts for an appreciable portion of the total body weight. 
Therefore, in order to compare the activity of muscle and tumor 
the data for the tumor rats are presented as percentage of the 
original dose per gm. of tissue as follows: 


Emulsion A Emulsion B 


Time, hrs... ... 3s | 40 | 68 | 
Muscle, %...........| 0.10 | 0.34 0.32 0.19 0.41 | 6:7 
0.50 0.70 0.10 | 0.29 | 0.61 


Heart and kidney values for the tumor rats are small and essen- 
tially the same as for the normal rats. 


DISCUSSION 


A study of Figs. 1 and 2 will reveal differences in animals 
injected with Emulsions A, B, and C. Such differences are prob- 
ably due primarily to differences in particle size of the emulsion. 
If the large sized particles are filtered out by the lung capillaries, 
the lung values indicate that Emulsions A and C contained more 
large particles than Emulsion B. 

The greater part of the activity expressed as percentage of the 
original dose per organ at 2.5 and 4 hours after injection is found 
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in the spleen and liver. In the spleen, slightly over one-half of it 
is present as phospholipid; in the liver, more than one-half is 
present in this form. Although our doses were somewhat smaller 
(per kilo of animal) and consisted of mixed phospholipid rather 
than cephalin, this offers partial confirmation of the work of 
Pasternak and Page (19382) who found an increase in the phos- 
pholipid content of the liver in rabbits after the injection of a 
single large dose of cephalin. These workers did not analyze 
spleen. 

The accumulation of injected phospholipid in the spleen and 
liver may be explained by the fact that in these two organs the 
blood passes through sinuses and thus comes into direct contact 
with the cells. The sinuses in the spleen, at least, are lined with 
phagocytic cells which might aid in removing the phospholipid 
particles from the blood. 

As shown in both Figs. 1 and 2, there is a loss in activity in the 
spleen with the passage of time up to 72 hours. This might be 
due either to replacement of the marked phosphorus of the phos- 
pholipid by ordinary phosphorus, or to removal of the original 
phospholipid containing marked phosphorus, or to hydrolysis of 
this phospholipid and removal of the products of hydrolysis.  Re- 
placement of marked phosphorus by ordinary phosphorus within 
the phospholipid molecule seems to be ruled out by experiments of 
other investigators. Perlman et al. (1937) added sodium phos- 
phate solution containing 48,300 radioactive units to 50 gm. of 
tissue from a rat not fed radioactive material. The acetone- 
insoluble lipids were then isolated and found to contain negligible 
activity. Likewise, Aten and Hevesy (1938), using sodium phos- 
phate containing radioactive phosphorus in studying the forma- 
tion of milk, found that active phospholipid molecules were formed 
more slowly than other active phosphorus-containing fractions. 

The existence in different tissues of the body of enzymes capable 
of splitting phosphoric acid off phospholipid has been reported 
by Thiele (1913), Artom (1925), Vines (1927), Teorell and Norberg 
(1932), King (1931, 1934), and Folley and Kay (1936). According 
to King (1931), the tissues we have studied may be listed in 
decreasing order of lecithinase activity as follows: kidney, small 
intestine, spleen, liver, large intestine, bone, lung, cardiac muscle, 
and skeletal muscle. If the phospholipid which has accumulated 
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in the spleen is hydrolyzed by the lecithinases so abundant in this 
organ, the resulting produets would have to pass through the liver. 
This may account for the rise in activity in the liver shown in the 
animals 6 hours after injection with Emulsion A (Figs. 1 and 2) 
and after 4 hours in animals injected with Emulsion C (Fig. 1). 
Such rise is due mainly to the non-phospholipid fraction. 

The activity of muscle and gastrointestinal tract is in general 
low at first, with a tendency to rise with passage of time. No 
doubt this rise is due to the fact that the phosphori¢ acid liberated 
by gradual hydrolysis of the phospholipid in spleen, liver, and 
lungs is incorporated into phosphorus-containing compounds. 
Such hydrolysis is indicated by the activity attained by the long 
bones of the fore legs (Table I). Here the phosphorus is solely 
in the inorganic form, since extraction with alkaline ethylene glycol 
removes all organic material. 

The consistently low values on heart and kidney (Table I) seem 
to indicate that the activity of these organs is not due to the 
presence in them of the injected phospholipid but rather to inecor- 
poration of hydrolyzed phosphoric acid into their phosphorus- 
containing compounds. The activity of the exereta (Table I) 
increases With increase in time after injection, indicating that the 
phosphoric acid split off the injected phospholipid is being excreted. 

As shown in Fig. 2 the activity of the whole tumor increases 
from the 4th to the 18th hour. Tumors of rats mjected with 
Emulsion A weighed the same (6.3 gm.). The higher value ob- 
tained on the tumor of the rat 18.2 hours after injection with 
Emulsion B is accounted for by the fact that the tumor of this rat 
weighed more than those of the other rats injected with this 
emulsion. That there is a real increase in activity of the tumor 
with increase in time is shown by examination of the figures for 
percentage of the dose per gm. of tumor. Moreover, these values 
are higher than those per gm. of muscle on the same animals, owing: 
perhaps to utilization of phosphorus compounds in tumor growth 
and metabolism. 


SUMMARY 


Determination of the activity of the phospholipids of the spleen 
and liver and of the total phosphorus of various organs and tissues 
of normal and tumor-bearing rats at intervals of from 2 to 72 hours 
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after intravenous injection of liver phospholipid containing radio- 
active phosphorus indicates that: : 

1. The injected phospholipid is removed from the blood mainly 
by the spleen and liver and, to a lesser extent, by the lungs. 

2. Hydrolysis of the injected phospholipid occurs, since the 
activity due to the total phosphorus of the muscle, gastrointestinal 
tract, bones, excreta, and tumor is low at first, and tends to rise as 
the activity of the phospholipid fraction of spleen and_ liver 
decreases. 


The authors wish to express their appreciation to Dr. W. R. 
Bloor for his helpful interest in this investigation; to Miss Marian 
L. LeFevre for extracting and analyzing the bones; to Mr. F. E. 
Kelsey for his help and advice on some chemical aspects of the 
problem; and to Miss Sylvia Levy for technical assistance. 
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STUDIES ON THE PASTEUR REACTION: EFFECT OF 
IODOACETIC ACID ON THE CARBOHYDRATE METAB- 
OLISM OF ISOLATED MAMMALIAN TISSUES 
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(From the New York Hospital and the Department of Medicine, Cornell 
University Medical College, New York City) 


(Received for publeation, March 29, 1939) 


Pasteur observed that yeast kept in nitrogen consumed more 
carbohydrate than in oxygen. This led him to recognize two 
different methods of obtaining energy from the breakdown of 
carbohydrate; namely, oxidation, and, under anaerobic condi- 
tions, fermentation. With confirmation by Meyerhof (15) and 
by Warburg et al. (25) of the existence of a similar phenomenon 
in animal tissues, it was realized that its explanation might be of 
great significance for the elucidation of intermediary carbohydrate 
oxidation. Fig. 1 (adapted from Burk (4)) shows diagrammati- 
cally the three leading theories which have been advanced to ex- 
plain the Pasteur effect. It can be seen that both the “unitary” 
and the ‘‘Meyerhof cycle” theories consider the aerobic formation 
of ‘“‘fermentation’’ intermediaries (7.e., lactic acid, in animal tis- 
sues) as of primary importance in the oxidative catabolism of 
carbohydrate. There is general belief in this theory of an initial 
pathway common to both aerobic and anaerobic breakdown of 
carbohydrate, in spite of the recognition that several tissues 
(kidney, thyroid, liver) maintain high rates of respiration with 
only slight ability to glycolyze (this term is used to indicate split- 
ting of carbohydrate to lactic acid). Considerable evidence 
indicating a dissociation between the two types of metabolism 
has been gradually accumulating, but the fundamental signifi- 
cance of each contribution has usually been disregarded in favor 
of more theoretical aspects. 

As far back as 1925, Loebel (11) observed that brain did not 
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produce any lactic acid from fructose, although it was able to 
oxidize it fully as well as glucose. In 1929, Lundsgaard (13) 
discovered that anaerobic glycolysis could be prevented by 
iodoacetic acid. Later (14), he showed that proper concentra- 
tions of iodoacetie acid would inhibit lactic acid formation by 
frog muscles without markedly interfering with oxygen consump- 
tion, and suggested that oxidation might be independent of the 
products of anaerobic breakdown. In contrast to these observa- 
tions, Krebs reported (10) that iodoacetie acid produced parallel 
decreases in glycolysis and in oxygen consumption of rat sarcoma, 
testis, and brain, when glucose was furnished as the substrate. 


UNITARY THEORY: 


Carbohydrate Intermediary COs + Hed 


MEYERHOF CYCLE THEORY: 


Carbohydrate ——+Intermediary 
Oe 
COg + HeO 


LIPMANN'S THEORY: 


Carbohydrate —Na_.intermedi ary 
Carbohydrate —[2+C0g + He0 


Fic. 1. Theories of the Pasteur effect 


Since lactate or pyruvate maintained respiration, he considered 
this as evidence that iodoacetic acid prevented the oxidation of 
glucose, but that respiration could continue as long as lactate or 
pyruvate were available. 

Meyerhof and Boyland (16) found that exposure of frog muscle 
to iodoacetie acid resulted in respiratory quotients between 0.7 
and 0.8, as contrasted with the usual values of 1.0, indicating 
a marked depression in carbohydrate oxidation. When lactate 
was added, the quotient rose above 0.9, showing that the defect 
was not in the lactic acid oxidation mechanism. Quastel and 
Wheatley (18), reporting only oxygen consumption figures, also 
concurred in this conclusion of 1odoacetic acid inhibition of carbo- 
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hydrate oxidation. ‘This evidence, of course, gave strong support 
to any theory of carbohydrate breakdown which claimed the 
obligatory intermediary formation of lactic acid. Thus, inter- 
ference with the aerobic supply of this intermediary should pro- 
duce a corresponding interference with oxidation, according to 
either the unitary or Meyerhof cycle concept. 

Recently, however, Stannard (23) and Saslow (21) reported 
the maintenance of carbohydrate oxidation in normal and caffein- 
ized frog muscle poisoned with iodoacetate and iodoacetamide. 
ven when anaerobic glycolysis was completely abolished, respira- 
tory quotients of 0.9 to 1.0 were obtained. Similar results with 
mammalian tissue (brain and muscle) poisoned with iodoacetic 
acid were also reported from this laboratory in 1938 (22). Him- 
wich and Fazekas (8), and Baker, Fazekas, and Himwich (3) 
stopped the oxidation of lactie acid in brain tissue with nicotine 
without entirely suppressing glucose oxidation. 

Other methods have been used to produce changes in the rela- 
tion of glycolysis to respiration-——high concentrations of K* in the 
fluid medium (1), glyceraldehyde (2), hydroxymalonate (9), and 
glutamic acid (26) all decrease markedly anaerobie activity with- 
out seeming to harm respiration. 

We have investigated the nature of the foodstuffs oxidized by 
several mammalian tissues under the influence of 1odoacetie acid, 
and find that coneentrations of this poison which are sufficient to 
abolish glycolysis fail to impair the oxidation of carbohydrate in 
eat brain, and in skeletal, cardiac, and smooth muscle of cats and 
dogs. We have also been able to demonstrate this dissociation in 
the case of brain cortex without the use of any poison by simply 
imposing a long period of preliminary washing. With testis, 
no procedure we have been able to devise has led to satisfactory 
separation of aerobic and anaerobic activity. 


Methods 


Brain cortex, freed as much as possible of white matter, was 
minced. Cardiac muscle from the left ventricle was cut into thin 
shies with a razor blade. Smooth muscle was obtained from the 
small intestine by stripping off the circular layer. Skeletal muscle 
was prepared by careful dissection of muscle fiber bundles suffi- 
ciently thin for microrespiration experiments. Seminiferous tu- 
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bules were obtained from rat testis by extrusion after cutting the 
tunica. 

Prior to study in the Warburg apparatus, the tissues were 
aerated in several changes of Ringer’s solution to permit the loss 
by diffusion of any lactic acid which might have accumulated 
during their preparation. Chemical estimations were made of 
the lactic acid content of the tissues and fluid medium at the 
beginning and end of the experiments to ascertain whether this 
substance could have served as a substrate, the Friedemann, 
Cotonio, and Shaffer procedure (17) being used. Other analyti- 
cal methods used were the Shaffer-Hartmann-Somogyi (17) for 
reducing substances after acid hydrolysis (5), and the Theorell 
(24) for ammonia N following vacuum distillation. 

The respiratory measurements were made in a Ringer-phosphate 
(M/150) solution of pH 7.4, in oxygen. Glucose, to a final con- 
centration of 0.2 per cent (unless otherwise noted), and neutral- 
ized iodoacetic acid were added as desired. Glycolysis was 
measured manometrically and chemically in a Ringer-bicarbonate- 
glucose solution in an atmosphere of 95 per cent nitrogen and 5 
per cent carbon dioxide. Trial experiments were run with a wide 
range of iodoacetic acid concentrations to determine optimum 
concentrations for maintenance of respiration as well as for inhibi- 
tion of glycolysis. These were found to range from 1:10,000 to 
1: 100,000, depending on the tissue. 

For convenience in treating the results obtained, they will be 
presented in three sections: (1) effects of iodoacetic acid on brain, 
and on smooth, skeletal, and cardiac muscle; (2) effects of pro- 
longed washing on brain; (3) experiments on testis. 


Results 
lodoacetic Acid 


The results of typical experiments with each tissue have been 
assembled in Table I. 

Skeletal Muscle—In all three experiments with this tissue, the 
concentration of iodoacetic acid chosen was 1:10,000. This 
served to depress glycolysis 94 to 98 per cent, while respiration 
continued at about two-thirds of the control level. Respiratory 
quotients in iodoacetic acid were slightly, but probably not 
significantly, higher than in the control vessels. In the one in- 
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stance in which glucose was used as a substrate, the level of the 
R.Q. in iodoacetic acid indicated virtually complete carbohydrate 
oxidation. It should be remembered, in this connection, that 
the r.q. of skeletal muscle in vitro varies from unity to that of 
pure fat oxidation, depending on the nutritional state of the ani- 
mal (19). These respiratory quotients are representative of the 


TABLE I 


Effects of Todoacetic Acid on Metabolism of Mammalian Tissues 


R.Q. | Qo.” 
2 | 3% | Concentra- 
=¢ in | Se ci 
7. Z. Oo Z. Z. 
c.mm.|c.mm. ¢e.mm.,| 
per | per | per | per | per | 
md. mg. mg. mg. cent 
per hr. per Ar. per hr. per hr. | 
Skeletal mus- 0.86 0.89 0.31 0.21 1:10,000 
cle, dog 0.89 0.93 0.20 0.14 O8t 1:10,000 
0.94 1.03 0.97 0.26 0.26 0.17 98F 1:10,000 
Smooth muscle, 0.97 0.95 0.25 0.27 90 1:20,000 
cat 0.95 0.95 0.30 0.34 0.26 90 ‘1:10, 000 
0 95 105 1.01 O 25 0 24 0.23 94 1:10,000 
Heart muscle, 0.72 0.81 0.85 0.68 0.67 0.71 90 1:100,000 
cat 0). 87 0.96 0.99 0.33 0.37 0.37 90F 1:100,000 
Heart muscle, 0.95 0.91 1.01 0.92 0.94 0.46 94  1:75,000 
dog 0.83 0.810.91 0.90 0.60 0.58 0.61 0.58 99F 1:75,000 
Brain cortex, 0.96 0.95 | 0.45 0.42 94¢ 1:75,000 
cat 0.97 0.980.97 1.12 0.42 0.35 0.66 0.44 97¢ 1:100,000 


1.06, 1.091.02 0.96 0.34 0.30 0.61 0.47 94F 1:100,000 


* All quantities presented in this paper are calculated per unit wet 
weight of tissue. 
t Lactic acid was measured chemically; others manometrically. 


usual postabsorptive state. In all three experiments, there was 
no aerobic disappearance of lactic acid in the presence of iodoacetic 
acid which could have been responsible for the oxygen uptake and 
the high quotients. 

Smooth Muscle—With this tissue, iodoacetic acid concentrations 
of 1:10,000 to 1:20,000 were found capable of reducing glycolysis 
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90 to 94 per cent. At these concentrations respiration was not 
depressed in two experiments, and fell 23 per cent in the third. 
Definite rises in quotient over the basal non-nutrient values indicate 
utilization of exogenous glucose by iodoacetic acid-poisoned 
smooth muscle. The respiratory quotients were at approximately 
the same level in the vessels containing iodoacetic acid as in the 
controls, and indicated almost complete carbohydrate oxidation. 
In the first experiment of this group, sufficient lactic acid disap- 
peared aerobically to account for about 40 per cent of the total 
oxygen uptake, but the amounts in the remainder corresponded 
to less than 5 per cent of the oxygen need. 

Cardiac Muscle—This tissue was much more sensitive to iodo- 
acetic acid than smooth and skeletal muscle, and concentrations 
of 1:75,000 to 1:100,000 were effective in reducing glycolysis 
90 to 99 per cent. In one experiment, respiration was depressed 
50 per cent; in the remaining three it remained at the same level 
as the controls. Cardiac muscle is a tissue in which the basal 
quotients are usually elevated by the addition of glucose, and the 
presence of 1odoacetic acid did not prevent this rise from taking 
place. In these experiments, insignificant amounts of lactie acid 
disappeared from the system aerobically. 

Brain—TVhe exclusive carbohydrate-oxidative metabolism of 
this tissue under a wide variety of conditions also held true under 
the influence of iodoacetic acid. Brain proved as sensitive as 
eardiac muscle to this poison, and best results were obtained 
with concentrations of 1:75,000 to 1:100,000. Glycolysis was 
inhibited 94 to 97 per cent, while respiration was much less 
affected. In one experiment, oxygen consumption remained at 
the control level; in two it fell 23 and 33 per cent. Respiratory 
quotients were indicative of exclusive carbohydrate oxidation. 
In one instance, the addition of 1odoacetic acid and glucose served 
to raise the oxygen uptake 35 per cent above the basal level. An 
early experiment not included in Table I showed a disappearance 
of enough lactate to account for the total oxygen consumption. 
The washing preliminary to the run was then prolonged and in the 
subsequent experiments the amounts of lactic acid initially pres- 
ent were substantially reduced. 

To warrant the interpretation of the results obtained on these 
mammalian tissues that oxidation of carbohydrate other than 
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lactate actually continued in the presence of iodoacetic acid, 
efforts were made to rule out as far as possible factors which 
might interfere with the validity of the respiratory data. These 
possible sources of error were (1) oxidation of preformed lactate 
rather than glucose, (2) less efficient penetration of iodoacetic acid 
aerobically than anaerobically, (3) increased breakdown of protein 
to ammonia. 

Since it was apparent from the earlier work that lactate could 
still be oxidized in the presence of iodoacetic acid, the foremost 
objection which might be raised is that the high respiratory quo- 
tients obtained could possibly have been due to oxidation of lactic 
acid present in the tissues before the addition of iodoacetice acid. 


TABLE II 


mg. per gm. c.mm. per c.mm. per 
per hr. gm. per hr. gm. per hr. 
Skeletal muscle 0 +0.04 260 
1:10,000  —0.02 15 
Smooth “ 1:10,000  +0.03 260 
1:25,000 | —0.015 11 220 5 
Cardiac 0 0) 370) 0 
1:100,000 —0Q.02 15 370 4 
Brain cortex 1:100,000  —0.04 30 450 6 
] 14 


—0.065 49) 302 


In preliminary test runs, it was found that washing of the tissue 
slices in Ringer’s solution and oxygen prior to weighing into the 
vessels would result in a very low content of lactic acid. As a 
further control, chemical determinations of the changes in lactate 
occurring aerobically were carried out. With the exception of 
one brain experiment (not included in the results shown), such 
trivial amounts of lactate disappeared that this factor could be 
eliminated as a source of the high respiratory quotients. In 
Table II is shown a typical series of values obtained on each tissue. 

A second difficulty lay in the possibility that the aerobie effects 
of iodoacetic acid were delayed, as compared to the anaerobic, 
an effect which has been claimed for fluoride (20). If this took 
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place, glycolysis might be abolished in nitrogen, yet carbohydrate 
cleavage products still be produced aerobically for some time, and 
be responsible for the maintenance of carbohydrate oxidation. 
Some support for the view that rate of iodoacetic acid (as well as 
fluoride) penetration is of the same order in oxygen as in nitrogen 
is furnished by the observations of Crabtree and Cramer (6) that, 
in tumor tissue, iodoacetic acid caused as prompt and as complete 
an inhibition of aerobic glycolysis as of anaerobic. 

This problem of penetration was attacked through several 
different experimental procedures, the results of which are shown 
in Table III. In the first instance, cardiac muscle, after being 
sliced, was placed under anaerobic conditions for 15 minutes in 
the presence of iodoacetic acid, and then, after the accumulated 
lactic acid was washed out in a Ringer’s solution containing 
iodoacetic acid, studied in the Warburg vessels. Although respira- 
tion was reduced one-third, glycolysis was depressed 90 per cent, 
and the R.q. in glucose-iodoacetic acid showed a rise to 0.93, from 
the control quotient of 0.81. In the second experiment, with 
brain cortex, the tissue was given a longer aerobic exposure than 
usual to iodoacetic acid (30 minutes) at room temperature prior 
to being loaded into the Warburg vessels for the measurement 
of respiration. This resulted in a 96 per cent depression of 
glycolysis, but also a marked fall (63 per cent) in respiration. 
The R.qQ. was 0.92, still representing about 70 per cent carbo- 
hydrate metabolism. 

The most satisfactory procedure was that carried out in the 
remaining three experiments, also shown in Table II]. Here the 
tissue was loaded into Warburg vessels which were saturated with 
oxygen without any barium hydroxide in the sacs. They were 
shaken in the bath at 37.5° until glycolysis in the anaerobic series 
was almost completely depressed. This usually required about 
an hour. The respiration vessels were then removed from the 
bath, resaturated with oxygen after the addition of barium hy- 
droxide, and the usual respiratory determinations then carried out. 
The same results concerning carbohydrate metabolism in the 
presence of iodoacetic acid were obtained as in the experiments 
presented in Table I. In these cases, as previously, no evidence 
for the contribution of preformed lactate to the high respiratory 
quotients was found. While this work does not completely rule 
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Fic. 3. Progress of respiration of cat smooth muscle (intestine) follow- 
ing preliminary exposure to iodoacetic acid sufficient to inhibit glycolysis. 
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out a possible differential penetration of the poison in oxygen and 
in nitrogen, this type of procedure is associated with much longer 
exposures to iodoacetic acid, and with respiratory measurements 
which are begun only when glycolysis has been virtually abolished. 

Two experiments performed on smooth muscle are presented 
in graphic form in Figs. 2 and 3, illustrating the progress of respira- 
tion relative to changes in glycolysis. 

The third possible source of misinterpretation lies in the oxida- 
tion of protein to yield ammonia and CQO, rather than urea. This 
process, which is necessarily of importance in the economy of all 
tissues except liver, can raise the r.q. of protein from its usual 


TABLE IV 
Production of Ammonia by Mammalian Tissues 
N per am. gm. per hr. gm. per hr. 
Skeletal muscle 0 3 18 200 10 
1:10, 000 2 12 143 10 
Heart re 0 0.7 4 667 l 
1:100,000 0.7 4 520 
Smooth 0 —2 240 
1:10, 000 0 0 230 
Brain cortex | 0 12 72 660 11 
2 12 440) 3 


value of 0.81 to as high as 0.95. ‘To determine the extent to which 
this process may have influenced the quotients, determinations 
were made of the ammonia production in a series of experiments. 
When the results on each type of tissue, shown in Table IV, are 
examined, it is apparent that this type of protein catabolism 
accounts for no more of the total oxygen consumption in the 
presence of 1odoacetic acid than in its absence. 

To supplement the evidence just presented that the experi- 
mental conditions have been so selected as to avoid the pitfalls 
of oxidation of preformed lactate, madequate penetration, and 
increased protein breakdown, the disappearance of carbohydrate 
was determined in several experiments. The amounts of glucose 
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used by the tissues (Table V) correspond quantitatively with those 
calculated from the respiratory data. 

The respiratory quotients obtained from mammalian brain and 
from all three types of mammalian muscle indicate that oxidation 
of carbohydrate takes place as readily in the presence of sufficient 
iodoacetic acid to inhibit glycolysis, as in its absence. In addi- 
tion, not only is preformed carbohydrate oxidized, but exogenous 
glucose retains its ability to raise the R.q. under these conditions. 

These findings are in accord with the results of Stannard and 
Saslow obtained with frog muscle, but in obvious disagreement 


TABLE V 
of Carboh ydrate 


Tissue ox | | Fe cent of 

mg. per gm. cC.mm., per c.mm. per 

per hr. gm. per hr. gm, per hr. 
Skeletal muscle (0) —Q).43 320 312 102 
1:10,900 —0.27 202 204 99 
Smooth °° 0 —0.38 284 308 92 
1:10,000 —0.29 217 217 100 
Cardiac 0 —-1.00 747 701 106 
1: 100,000 —0.74 553 | 97 
Brain cortex 0 —0.70 523 630 | 83 
1: 100 000 -0.50 374 440 85 


The values in this the in fermentable reduc- 
ing material, corrected if lactic acid was produced. 

t From oxidation of carbohydrate; in cases in which the r.q. was less 
than 1.0, appropriate calculations were made. 


with the work of Meyerhof and Boyland who claimed a virtual 
abolition of carbohydrate metabolism in frog muscle poisoned 
with iodoacetic acid. One grave defect in the latter report was 
that no entirely untreated muscles were run concurrently as 
controls. Other workers have since shown that the basal R.q. 
of frog muscle may range from 0.7 to 1.0, indicating that carbo- 
hydrate is not the only foodstuff oxidized, even under resting condi- 
tions (7). The difference between the results presented in this 
paper and the conclusions of Krebs and of Quastel and Wheatley 
may lie in the fact that these workers used oxygen consumption 
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rather than the R.q. as their criterion. The frequent occurrence 
in our data of depressed oxygen consumption without any change 
in R.Q. following 1odoacetic acid treatment shows the possibility 
of misinterpretation when oxygen consumption alone is relied 
upon. We endeavored to employ as low a concentration, in the 
case of each tissue, as would decrease glycolysis 90 to 100 per cent, 
with the purpose of avoiding the non-specific toxic changes which 
are often associated with the higher concentrations of various 
tissue poisons. The concentrations in our experiments were 
lower than those generally used previously. 

The significance of the results reported, in relation to the pre- 
vailing theories of carbohydrate metabolism, warrants comment. 
It is apparent that they offer no support either to the unitary 
theory of fermentation and oxidation, or to the form which the 
theory has assumed from the work of Meyerhof. On the contrary, 
it would appear that lactic acid is not a necessary intermediary 
in the pathway of carbohydrate oxidation and that, at least under 
conditions of 1odoacetic acid poisoning, there can be a separation 
between the oxidative and the anaerobic glycolytic processes. 
Our experiments do not reveal how early in the chain of earbohy- 
drate catabolism there may be a common pathway for aerobic 
and anaerobic processes. However, a separation prior to the 
pyruvic acid stage is strongly suggested by chemical data we have 
obtained showing uniform absence of this intermediary in the 
present series of experiments. Lactic acid production is com- 
monly used as an indicator of anaerobic activity in tissues, al- 
though it is recognized that, under special conditions, other com- 
pounds may be formed. Since the manometric procedure for 
determining anaerobic glycolysis actually measures acid produc- 
tion without specific differentiation,it is apparent that it will 
reveal the appearance of any material sufficiently acid to liberate 
CO. from sodium bicarbonate. It is probable, therefore, that the 
absence of manometric evidence of anaerobic activity following 
iodoacetic acid poisoning denotes inhibition of the formation of 
any intermediary of an acid nature, provided that there is no 
concomitant metabolic process yielding base. 

One additional fact may be considered briefly: not only is 
preformed carbohydrate oxidized under the conditions of our 
experiments, but added glucose is as effective in elevating the 
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R.Q. in iodoacetic acid-treated tissue as in the untreated. This 
raises a question as to the réle of phosphorylation in carbohydrate 
breakdown. In the present conception of the details of carbohy- 
drate catabolism, transfer of phosphate plays a prominent part 
(cf. Burk). There is also evidence that iodoacetic acid has an 
inhibiting effect on phosphorylation (12). It is obvious that the 
combination of these statements is incompatible with the results 
reported in this paper. 


Effects of Prolonged Washing on Brain 


Most means employed in the past for separating aerobic and an- 
aerobic metabolism have involved abnormal conditions, such as 
would result from the use of various poisons and grossly distorted 
ionic relationships. By using the lowest concentrations of iodoace- 
tic acid which would result in inhibition of anaerobic activity, we 
were able to avoid to some extent the usual generalized toxic effects 
of the drug. The results obtained, however, were due to the 
action of a poison. ‘Their validity is considerably enhanced by 
the fact that we have been able to produce a similar dissociation 
in the case of brain cortex simply by a prolonged washing in Ring- 
er’s solution with oxygen prior to the experimental run. The 
results of three experiments are shown in Table VI. 

When well washed brain cortex mince is studied in Ringer- 
phosphate solution, with no added glucose, the anaerobic lactic 
acid production can only account for about 25 per cent of the 
aerobic oxidation of carbohydrate. This quantitative discrep- 
ancy between these two aspects of catabolism continues until 
the glucose concentration reaches about 30 mg. per cent. Above 
this point there is much more lactic acid produced than could be 
oxidized, and other mechanisms must be called into play to dis- 
pose of the acid; e.g., resynthesis. 

In addition to this quantitative separation of glycolysis and 
respiration, the data reveal that there is even a qualitative differ- 


ence in the response to added glucose. Respiration quickly rises _ 


to a plateau, at about 20 mg. per cent glucose, while anaerobiosis 
continues to accelerate as far up as it was studied, at 200 mg. per 
cent glucose. The quatitative and quantitative relationships are 
graphically shown for one experiment in Fig. 4, in which anaerobio- 
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TaBLeE VI 


Effect of Prolonged Washing on Brain Metabolism 


Glucose 


mg. per cent 


0 
10 
29 
50) 


0 
10 
25 


200} 


No , Per cent of 
R.Q. Qo» | Q lactic acid Equivalent O2 goretical 


c.mm,. per mg. per gm. c.mm, per 

gm, perhr. | per hr. gm. per hr. 
0.98 440 0.15 112 25 
0.95 | 610 | 0.34 254 42 
0.93 | 660 0.51 381 58 
0.99 700 1.50 


1.04 | 6282 | 
24 | 50 
0.98 | 630 0.55 


0.09 | 20 
2.53 1890 + 

Om | 4.42 | 3306 | + 


ANAEROBIOSIS 


- Fig. 4. Relation of aerobic and anaerobic activity of brain cortex in the 
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sis is calculated in terms of the amount of oxygen equivalent to 
the lactic acid produced. 

So far as we are aware, this washing procedure did not damage 
irreversibly any essential mechanism. Since the oxygen consump- 
tion in the presence of more than 20 mg. per cent glucose increased 
to the same level in washed as in unwashed brain cortex, it would 
appear that washing out of diffusible substrates had been the most 
important effect of this procedure, with little or no loss of enzymes 
or coenzymes. Since no drugs were employed, and the tissues 
were washed in an isotonic medium, damage was reduced to a 
minimum. 

Testis 

It was found impossible to depress glycolysis of testis independ- 
ently of respiration, with the several different methods attempted, 
as summarized in Table VII. Although the treatment was suffi- 
ciently severe to reduce oxygen consumption as much as 66 per 
cent, anaerobic lactic acid formation continued at such a rate as 
to account theoretically for more than the total oxygen used. 

Even prolonged washing (Table VIII), a procedure which 
proved so effective in the case of brain, failed to do more to testis 


TasLe VII 
Effect of lodoacetic Acid on Metabolism of Testis 


R.qQ. 
conditions Non- Glu- Glucose- anaerobic 
mutt’ | cose doacetic nutrient activity 
c.mm. 
pergm. pergm. pergm. per cent 
| per hr. per hr. per hr. 
Oxygen*.... 0.72 0.89 0.74 0.39 0.79 0.40 80 1:50, 000 
0.95 0.75 0.64 0.22 79 1:100,000 
t....| 0.73 | 0.91} 0.89 | 0.23 0.65 ).61 72 1: 100,000 
Nitrogenf.. ~—60.90 0.88 0.64 0.36 77 1: 100, 000 


* No preliminary exposure to iodoacetic acid. 
+t Preliminary aerobic exposure to iodoacetic acid for 1 hour at 37.5”. 
t Preliminary anaerobic exposure to iodoacetic acid for 15 minutes at 


37.5°. 
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TaBLeE VIII 
Effect of Prolonged Washing on Metabolism of Testis 


ma. ver cen | | 
O(unwashed) 0.85 470 0.77 576 + 
O(washed) 0.82 460 0.50 374 81] 
0) 0.98 410 0.57 426 104 
10 0.93 670 Fae O48 + 
25 0.94 810 1.67 1248 + 
50 0.97 910 2.00 1494 + 


than to lower slightly the relative preponderance of anaerobic over 
aerobic activity, the lowest proportion being 81 per cent. 

This evidence leads to the conclusion that by no method as yet 
employed has glycolysis been separated from respiration in the 
case of testis. This may signify a true common pathway in the 
two types of carbohydrate catabolism of this tissue. 


SUMMARY 


1. Respiratory exchange measurements indicate that mammalian 
brain and smooth, skeletal, and cardiae muscle can oxidize carbo- 
hydrate as readily in the presence of sufficient iodoacetic acid to 
inhibit anaerobic glycolysis 90 to 100 per cent as in its absence. 
Added glucose is as effectively oxidized under these conditions as 
preformed carbohydrate. 

2. To insure the validity of the observations, it was ascertained 
that the results obtained were not due to (1) oxidation of pre- 
formed lactic acid, (2) poor aerobic penetration of the iodoacetic 
acid, (3) ammonia production from protein. Further corrobora- 
tion was furnished by the finding that the amount of glucose dis- 
appearing from the solution was quantitatively the same as that 
calculated from the respiratory data. 

3. A striking separation of anaerobic activity from respiration 
in the case of brain cortex was obtained by a procedure involving 
merely prolonged washing in Ringer’s solution without the use of 
any poisons. The addition of small amounts of glucose showed 
that qualitative as well as quantitative separation could be ob- 
tained, oxygen consumption leveling off at a glucose concentration 
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of about 20 mg. per cent, while anaerobic glycolysis was still 
increasing at 200 mg. per cent. . 

4. This evidence is considered counter to any theory of carbo- 
hydrate oxidation which assumes formation of lactic acid as a | 
necessary intermediary. It supports the concept of functional | 
independence of aerobic and anaerobic mechanisms. 

5. In the case of testis, anaerobic glycolysis could not be in- 
hibited without a corresponding depression of respiration. 
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There is reason to believe that sodium, chloride, bromide, sul- 
fate, and thiocyanate ions when injected into the body are dis- 
tributed through the extracellular fluid alone (2, 5-7, 9, 10). 
Potassium on the other hand is distributed through a much larger 
proportion of the body water (11). Thus, of the two cations thus 
far studied, one, sodium, is excluded from cells, while the other, 
potassium, appears to enter cells with some freedom. In order 
to observe the behavior of another naturally occurring cation the 
distribution of magnesium after injection has been studied and is 
the subject of the present report. 

The general method of study is similar to that previously applied 
to a study of potassium distribution, and discussed in detail in 
a previous communication (11). Isotonic magnesium sulfate 
solution was injected intravenously into dogs, and serum and urine 
collections made at intervals following injection. By the use of 
the formula 

Apparent volume — amount injected minus amount excreted in urine 

of distribution ”  inerease in concentration in serum water 


* A preliminary report was presented before the American Society of 
Biological Chemists at the annual meeting at Toronto, Canada, April 
26-29, 1939 (Winkler, A. W., Smith, P. K., and Schwartz, B. M., Proc. 
Am. Soc. Biol. Chem., J. Biol. Chem., 128, p. exii (1939)). 

t Aided by a grant from the Ella Sachs Plotz Fund. 

t From a thesis submitted by Bernard M. Schwartz to the faculty of 
the Yale University School of Medicine in candidacy for the degree of 
Doctor of Medicine, 1939. 
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independent calculations of the volumes of distribution of mag- 
nesium and of sulfate were made. By a comparison of these 
figures it could be determined whether magnesium behaved as 
did sulfate, and, assuming a purely extracellular distribution of 
sulfate, whether or not it remained confined to the extracellular 
fluid. | 

In another group of experiments the problem was approached 
in a somewhat different manner. Following the injection intra- 
peritoneally of magnesium sulfate all urine and feces were col- 
lected during the next 24 hours. The concentration of magnesium 
in the serum at the end of the period was compared with the con- 
centration preceding injection. From these data the retention 
of any magnesium in the body could be determined, and the 
amount of magnesium still left in the extracellular fluid could be 
calculated. If some of the magnesium retained could not be ac- 
counted for in the extracellular fluid, then of necessity it must 
have been deposited elsewhere. 


Materials and Methods 


Adult, unanesthetized female dogs were used. In some a 
preliminary dose of morphine (10 mg. per kilo) was administered. 
Urine specimens were obtained by means of a retention catheter. 
Injections were made into the femoral vein and blood specimens 
obtained from either the femoral or the jugular vein.  Isotonie 
magnesium sulfate solution (0.154 mM) was used in all experiments, 
the rate of injection approximating 10 cc. per minute. Injections 
were terminated before the appearance of respiratory arrest. In 
the stool recovery experiments carmine was given by mouth 
at the time of injection and all stools saved until they became 
carmine-free. 

Magnesium was determined in serum, urine, and stools by a 
modification of the method of Hald (4). The calcium was first 
removed by precipitation as the oxalate at pH 4.2, 0.2 N acetate 
buffer being used. The magnesium was precipitated as mag- 
nesium ammonium phosphate, some hours being allowed for 
complete precipitation and care being taken to preserve a constant 
temperature during the process. Finally the magnesium was 
determined colorimetrically as phosphate by the method of Fiske 
and Subbarow (3). Sulfate was determined in serum and in 
urine by the method of Cope (1). Concentrations in terms of 
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serum water were obtained by dividing determined serum con- 
centrations by 0.92. 


Results 


In Table I are summarized the results of five experiments with 
four dogs, in which the volume of distribution was determined 


TABLE | 


Distribution of Magnesium and Sulfate Following Intravenous Injection of 
Magnesium Sulfate 


80, "| dicribution | 
B15! 6 | | water | water | body 
per cent per cent 
| Ag. m.eq. min, meq. meq. liters liters | 
1 17.4 55.4, 9 | 14.5 | 45.0' 12.7 | 40.91 3.1 3.5); 18 20 
7.9 35.9] 6.7 | 25 | 24 
78 6.3 | 20.0; 3.9 4.8] 31 | 27 
2 | 18.9) 50.5) 12 11.6 | 40.9) 11.2 | 39.4/3.5| 3.5; 19 | 19 
7.2| 3.1) 5:7) 2 | 
157 | 5.0 | 23.9) 3.3 | 17.4, 4.8 5.3 | 25 28 
| | 225 | 3.5 14.3) 2.1 | 11.9)5.8|5.7| 29 | 30 
3 B 18.8 49.6 16 13.9 47.3 13.5 46.3:3.4 3.4 18 18 
56 | 10.5 | 37.3) 8.2 19 | 21 
116 | 5.0 26.7; 17.7'5.3'3.9| 20 | 21 
4 11.7; 36.0| 6 | 13.6 | 30.5) 11.3 | 28.612.2|2.5| 19 | 21 
77| 19.8 4.0/ 15.1/3.0'3.8/ 26 | 32 
148; 4.0/ 14.9 1.6; * | 32 
| 30.3 77.0 8 | 12.9 68.6 10.9 18 | 19 
| | 56) 8.5 | 57.7) 6.4 44.2:6.8, 69) 22 | 2 
| | 156 | 6.2 | 44.1) 2.9 | 20.817.1;7.2| 23 | 2 


* The increment of sulfate in serum was too small for accurate calcula- 
tion. 
after intravenous injection. The apparent volumes of distribu- 
tion of magnesium are in general identical with those of sulfate. 
The only possible exceptions occur in the third period of Experiment 
3, in which that of magnesium is somewhat higher, and in the 
second period of Experiment 4, in which it is somewhat lower. 
There is a tendency in all experiments for the apparent volume of 
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distribution of both ions to rise in later periods. No experiments 
were continued beyond 3 or 4 hours, since by that time the con- 
centration increments of both ions in the serum had fallen too 
nearly to normal levels for accurate calculations to be made. The 
actual volumes of distribution corresponded to 18 to 32 per cent 


TABLE II 
Recovery of Magnesium in Urine 24 Hours after Intravenous Injection 


| Increase | | 
Experi- | Recovered Unac- Extra- ay Unaccounted 
MgSO, urine | counted cellular for in urine or 


ment serum extra- 
| given | within forin | | fluid | extracellular 
No. | 24 hrs. | urine | volume | fluid 
| (24 hrs, 
m.eq. | m.eq. m.eq. perl. liters | m.eq. m.eq. per cent 
| | | 27.8 
| 43.6 | 6.9 0.3 1.5 5.4 11 
5 0.5 | 53 
4 6.0) 2.4 | 11.0 | 2.3 3 6.9 4.1 16 
5 77.0 | $2.3 | 24.7 | 1.8 | 7 | 12.6 12.1 16 
TABLE III 
Recovery of Magnesium in Urine and Feces in 24 Hours after Intraperitoneal 
Injection 
Ss | as 
yA = | Se | recovered 
& g 2 U naccounted from urine 
> £as | for alone durin 
& 
még. m.eq. liters m.eq. m.eq. percent m.eq. percent 


| 77.0, 18.0; 10.5 | 1.8 | 4 | 7.2 | 41.3 | 54 | 81.8) 109 
| | | 0.0 | 19.5) 42 | 60.2/ 114 
00 | 4.2; 9 | 42.9} 95 
16 | 15.8/ 21 | 75.5) 104 


CO 


6 
7 | 46. 

8 | 46.21 39.7/ 2.3 | 0.0 
9 | 77.0, 40.3 19.9% 0.4 


* Includes stools for 4 days after injection. 


of the body weight, a range consistent with the magnitude of 
the extracellular fluid. 

In Table II are summarized the total amounts of magnesium 
recovered from the urine in the 24 hours after injection in the 
five experiments of Table I. Initial and final determinations of 
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the concentrations in the serum are included. Even without 
allowance for endogenous magnesium excretion during the 24 
hour period, failure to recover the injected magnesium in the 
urine is evident. The magnitude of the changes in serum con- 
centration indicates that this retention can only in part be ac- 
counted for by the amount of magnesium still present in the 
extracellular fluid. 

In Table III are presented four complete recovery experiments 
on four dogs. The magnesium sulfate was given intraperitoneally. 
In three of the four experiments the same marked retention of 
magnesium is present. The stool excretion figures are if anything 
too high, since they include the magnesium already present; in 
spite of this the amounts are small and in no way account for 
the failure of recovery in the urine. Therefore, in three of the 
four experiments magnesium in significant quantities is clearly 
retained within the body, but not in the extracellular fluid. Simul- 
taneously injected sulfate was completely recovered from the 
urine within 24 hours. 


DISCUSSION 


The nearly identical volumes of distribution of magnesium and 
of sulfate in the first 3 or 4 hours after injection indicate that both 
ions are distributed throughout the same portion of the body water. 
The magnitude of this portion, corresponding to about one-fourth 
the body weight, indicates that it is reasonable to identify it 
with the extracellular fluid volume. Thus magnesium resembles 
sodium rather than potassium in its initial distribution after 
injection, since sodium and sulfate distributions are virtually 
identical. The apparent gradual increase in the volume of dis- 
tribution of the ions as time elapses is probably due to concentra- 
tion gradients, first from serum to extracellular fluid and then in 
the reverse direction. In other words the earlier calculated 
volumes of distribution are probably lower, the later higher, than 
the true volume of distribution. 

The failure in most experiments to recover all the injected 
magnesium in stools and urine within 24 hours is probably even 
more marked than the figures in Tables II and III indicate, since 
the stool and urine values include endogenous magnesium and so 
represent maxima for the period. Indeed there is no evidence 
that any of the injected magnesium is excreted by way of the 
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feces, since the figures for 24 hour loss in stools after injection fall 
within the limits of normal daily fecal excretion. This failure 
of recovery is a confirmation of the work of Mendel and Benedict 
(8), who, after injection of magnesium salts, were unable to 
recover the magnesium completely for days or weeks. Since 
it cannot be accounted for in the extracellular fluid, the conclusion 
seems inescapable that sometime between the 4th and the 24th 
hour after injection some of the magnesium may leave extra- 
cellular fluid to be segregated elsewhere. There is no evidence 
from these experiments as to the mode or the place of this de- 


position. 
SUMMARY 


1. The magnesium of magnesium sulfate injected intravenously 
into dogs distributes itself immediately through approximately 
the same volume of fluid as does the sulfate ion, corresponding 
to some 20 or 25 per cent of the body weight. 

2. This volume is believed to approximate the extracellular 
fluid of the body, so that magnesium behaves in respect to its 
distribution like sodium rather than potassium. 

3. Between 4 and 24 hours after injection a variable propor- 
tion of the magnesium injected, over and above what can be 
accounted for in urine and stools, may leave the extracellular 
fluid and be segregated in unknown form elsewhere in the body. 


BIBLIOGRAPHY 


1. Cope, C. L., Biochem. J., 26, 1183 (1931). 

2. Crandall, L. A., Jr., and Anderson, M. X., Am. J. Digest. Dis. and 
Nutrition, 1, 126 (1934). 

3. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

4. Hald, P. M., J. Biol. Chem., 108, 471 (1933). 

5. Harrison, H. E., Darrow, D. C., and Yannet, H., J. Biol. Chem., 113, 
515 (1936). 

6. Hastings, A. B., and Eichelberger, L., J. Biol. Chem., 117, 73 (1937). 

7. Lavietes, P. H., Bourdillon, J., and Klinghoffer, K. A., J. Clin. Inv., 
16, 261 (1936). 

8. Mendel, L. B., and Benedict, S. R., Am. J. Physiol., 26, 1 (1909). 

9. Smith, P. K., and Walker, D. W., J. Pharmacol. and Exp. Therap., 
63, 35 (1938). 

10. Wallace, G. B., and Brodie, B. B., J. Pharmacol. and Exp. Therap., 61, 
397 (1937). 

11. Winkler, A. W., and Smith, P. K., J. Biol. Chem., 124, 589 (1938). 


| 
| 

| 

| 

| 

— 


THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LVII. THE MYCOLIC ACIDS OF THE AVIAN TUBERCLE 
BACILLUS WAX* 


By R. J. ANDERSON anp M. M. CREIGHTON? 


(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, March 30, 1939) 


In earlier reports from this laboratory it has been shown that 
the wax fractions from acid-fast bacteriq yield on saponification 
large amounts of hydroxy fatty acids of very high molecular weight 
(1,2). Inthe case of the wax from the human type of the tubercle 
bacillus the high molecular weight hydroxy acid received the name 
mycolie acid (3), and the corresponding acid from the bovine 
tubercle bacillus was called bovine mycolic acid (2). We have 
further shown that both mycolic acid (3) and bovine mycolie acid 
(2) when heated under reduced pressure to a temperature between 
250° and 300° decompose and that n-hexacosanoie acid distils off, 
leaving a neutral, non-volatile, practically colorless residue. 

In a study of the chemical composition of the wax from the 
avian tubercle bacillus it was found by Reeves and Anderson 
(4) that the principal ether-soluble products liberated on sapon- 
ification consisted of hydroxy acids of high molecular weight and 
that these acids could be separated into two principal fractions 
which were designated Wax Acids B; and By. Both fractions 
were acid-fast. The properties and composition of these acids 
are shown in Table I (4). 

The properties and composition of the avian Wax Acid By 
were similar to those of mycolic acid except for the fact that it 
did not contain any methoxyl group. In fact neither Wax Acid 


* The present report is a part of a cooperative investigation on tubercu- 
losis; it has been supported partly by funds provided by the Research 
Committee of the National Tuberculosis Association. 

+t Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1938-39. 
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B,; nor By; contained methoxyl. In view of the fact that mycolic 
acid on pyrolysis yields n-hexacosanoic acid it appeared of in- 
terest to determine whether the avian Wax Acid By; would de- 
compose on heating in the same manner as mycolic acid. 

The avian Wax Acid By was accordingly subjected to pyrolysis 
under the conditions described for mycolic acid (3). It was found 
that Wax Acid By, when it was heated in a distilling flask to 
280-300° at 1 mm. pressure, yielded a colorless distillate which 
crystallized immediately, while a nearly colorless non-volatile 
residue remained in the distilling flask. However, the acid that 
distilled off was not n-hexacosanoic acid but n-tetracosanoic acid, 
CogH 


TABLE I 
Properties of Avian Wax Acids 


Wax Acid B, Wax Acid By, 
laly in CHCls, degrees | +5.6 +5.5 
Carbon, %...... | 7 78.99 82.46 
Hydrogen, %. . 12.78 13.49 
Mol. wt. by titration. . 501-520 1280-1300 
Approximate formula 7403 
Iodine No. (Hanus)....._.. 6.5 §.5 
Bromo derivative 
M.p., °C 47-49 43-49 
22.4 22.9 


Br, %. 


In view of the resemblance in properties and reactions of avian 
Wax Acid By, to mycolic acid we propose to designate this acid 
by the name avian 6-mycolic acid. 

The avian Wax Acid B; was next subjected to pyrolysis under 
the same conditions as mentioned above. In this experiment 
we also observed a colorless distillate which crystallized imme- 
diately and a nearly colorless non-volatile residue was left in the 
distilling flask. The acid which distilled over was, however, 
different from all the other acids obtained on pyrolysis, as it 
corresponded in composition to a pentacosanoic acid, CesH5oOQe. 

The avian Wax Acid B, will hereafter be designated by the 
name-avian a-mycolic acid. 
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The non-volatile residues from avian a- and 6-mycolic acid were 
each separated into fractions, depending upon their solubility 
in ether. These compounds were white amorphous powders. 
They were unsaturated and possessed high molecular weights. 


EXPERIMENTAL 


Pyrolysis of Avian B-Mycolic Acid—This substance which was 
designated avian Wax Acid By in the former publication (4) 
was a white amorphous powder. The properties and composition 
are given in Table I. 2 gm. of the acid were placed in a distilling 
flask provided with a wide outlet tube and heated in an air bath 
at a pressure of about 1 mm. When the temperature reached 
280°, a colorless oil began to come over which crystallized imme- 
diately in the cool part of the outlet tube. The temperature of 
the bath was kept at 290-295° for 30 minutes but the volatile 
material distilled off in the first few minutes. The temperature 
was finally raised to 310° for 5 minutes but no further distillate 
appeared. 

The residue in the flask was a faintly yellowish oil when warm 
and a hard wax-like solid at room temperature. 

Examination of Distillate—The distillate was a snow-white hard 
crystalline mass. It was removed from the outlet tube and it 
weighed 0.42 gm., representing 21 per cent of the starting material. 
The substance melted at 83°, solidified at 79°, and remelted at 
83°. For purification the acid was crystallized once from ben- 
zene-methyl alcohol and four times from 15 ce. of acetone from 
which it separated in small colorless plates. The yield was 0.3 
gm. and the melting point was the same as at first, namely 83°. 
When mixed with hexacosanoic acid, m.p. 88-89°, the melting 
point of the mixture was 82°. 

Titration—0.2513 gm. of the acid dissolved in 50 ec. of neutral- 
ized aleohol required 7.75 ec. of 0.08805 N KOH with phenol- 
phthalein as indicator. 


Analysis—C. (368). Caleulated. C 78.26, H 13.04 
Found. ‘* 78.30, ** 13.05, mol. wt. 368 


The values found agree very closely with the calculated com- 
position of tetracosanoic acid. 
The mother liquors from the erystallizations of the acid were 


2 
4 
3 
4 

| 
4 

| 

Re 

“g 
€ 
i 
| 
| 
~ 
; 
a 
3 
3 
ig 
2 
d 


60 Lipids of Tubercle Bacilli. LVII 


concentrated to dryness and the residue was crystallized once 
from acetone. The small plate-shaped crystals weighed 0.1 
gm. and melted at 82°. 

The results reported above indicate that the distillate con- 
sisted of practically pure tetracosanoic acid. 

Examination of Non-Volatile Residue—The residue in the dis- 
tilling flask was dissolved in warm ether and the solution was con- 
centrated to about 30 cc. On standing at room temperature 
overnight, a precipitate separated in the form of rather large 
globular particles. This product was filtered off, washed with 
ether, and dried. This substance was designated Fraction I. 

The mother liquor was concentrated to about 20 cc. and a little 
acetone was added. The white globular precipitate which sepa- 


TABLE I] 


_ Properties and Analyses of Fractions of Non-Volatile Residue 


Weight, ¢ 0.4 0.4 0.5 
| 54-58 | 48-49 42-44 
Mol. wt. (Rast) ... 1105 | 1014 
| 84.94 | 84.17 
Hydrogen, %...... 13.81 | | 13.52 


rated on standing at room temperature was filtered off, washed 
with acetone, and dried. The substance was called Fraction II. 

The addition of more acetone to the last mother liquor caused 
a further globular precipitate which was designated Fraction III. 

All of the fractions were unsaturated, because they imme- 
diately decolorized bromine in chloroform solution. The prop- 
erties of the fractions, together with the analyses of Fractions I 
and III are given in Table IT. 

It will be noted that the principal difference between he | two 
fractions analyzed resides in solubility and melting point. The 
chemical composition is very similar. 

Pyrolysis of Avian a-Mycolic Acid—The reaction was carried 
out with 2 gm. of the acid under the same conditions as described 
above. When the temperature of the air bath reached 210°, 
a colorless distillate came over very rapidly. The temperature 
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was raised to 255° but after 5 minutes the distillation was com- 
plete. The distillate was a colorless oil which crystallized imme- 
diately on cooling and it weighed 0.5090 gm., corresponding to 
25.4 per cent of the starting material. 

The residue in the flask was a faintly yellowish, hard wax-like 
mass at room temperature. 3 

Examination of Distillate—The crystalline distillate was dis- 
solved in 5 ec. of warm benzene and 10 ce. of cold methyl! alcohol 
were added. On standing at room temperature, the acid separated 
in small compact particles which showed no definite crystalline 
structure. The substance was recrystallized from 15 ce. of ace- 
tone from which solvent it separated in branching feathery form 
instead of the usual thin plate-shaped crystals in which the higher 
fatty acids crystallize. The erystals weighed 0.4 gm. and melted 
at 78-79°, solidified at 78°, and remelted at 78-79°. Two further 
erystallizations from 20 ce. of acetone did not change the melting 
point. 

The material contained in the mother liquors was recovered 
and crystallized onee from acetone. This fraction also melted 
at 78-79°. It would appear therefore that the acid was homo- 
geneous. 

The acid was only slightly soluble in chloroform or ether at room 
temperature but it dissolved readily on warming. On cooling, 
the ethereal solution deposited burr-shaped aggregates of crystals. 


A nalys is —C2,H 5002 (382) 
Calculated. C 78.53, H 13.08 
Found. ** 78.70, 78.64, H 13.28, 13.19, mol. wt. 379.6, 380 


The analytical values found agree with the calculated compo- 
sition of a pentacosanoic acid. However, the low melting point 
and peculiar crystal form would indicate that the acid differs 
from the ordinary straight chain fatty acids and it probably 
possesses a branching structure. 

Examination of Non-Volatile Residue The residue in the distil- 
lation flask weighed 1.5 gm. It was very slightly soluble in ether 
and it required nearly 100 cc. of ether and long warming to bring 
the substance into solution. The ethereal solution on cooling 
in ice water deposited a white globular precipitate which was 
filtered off and washed with ether. This precipitate, Fraction I, 
weighed 0.64 gm. and melted not very sharply at 62°. 
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_ The filtrate from the above mentioned precipitate was con- 
centrated to about 25 cc. and 50 ec. of acetone were added. On 
cooling in ice water, a white powdery precipitate was obtained. 
After this substance, Fraction II, had been filtered off, washed 
with acetone, and dried, it weighed 0.47 gm. and melted at 56° 
after softening at 52°. 

On analysis Fraction II gave the following values: C 82.3, 
H 13.2, iodine No. (Hanus) 24, mol. wt. (Rast) 749. 

Fraction I was dissolved in 20 cc. of warm ether and an equal 
volume of acetone was added. On cooling in ice water, a fine 
white globular powder was obtained which weighed 0.62 gm. The 
substance melted at 62°. Fraction I on analysis gave the fol- 
lowing results: C 82.8, H 13.1, iodine No. (Hanus) 29, mol. wt. 
(Rast) 1001. 

Although the two fractions of the non-volatile residue obtained 
in this case vary in solubility, melting point, and in apparent 
molecular weight, yet there is but little difference in chemical 
composition. 


DISCUSSION 


It is evident from the results obtained in this investigation that 
avian a- and B-mycolic acids yield analogous products on pyrol- 
ysis but it is equally evident that two different acids distil off 
and that the non-volatile portions show considerable difference 
in chemical composition. In the case of the avian a-mycolic 
acid the results obtained on pyrolysis cannot be reconciled with 
the analytical data reported in the former publication (4). The 
earbon and hydrogen values of the original acid agreed closely 
with the formula C3s5H7,03 but the molecular weight determined by 
titration varied with different preparations from 501 to 520, 
whereas an acid of the above formula should have a molecular 
weight of 578. 

Since we obtained by pyrolysis 25 per cent of a pentacosanoic 
acid, molecular weight 382, and 75 per cent of a non-volatile 
fraction with a molecular weight in the neighborhood of 1000, 
it is evident that the molecular weight of the original acid must 
have been much higher than indicated by the neutral equivalent. 
We can only point out that as yet nothing is known concerning 
the structure of the various mycolic acids. They are non- 
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crystalline substances of high molecular weight and they are 
extremely difficult to purify. 


SUMMARY 


1. The two principal hydroxy acids of high molecular weight 
contained in the avian tubercle bacillus wax have been named 
avian a- and 6-mycolic acid. 

2. Avian a-mycolic acid when heated to 210-255° under 1 mm. 
pressure decomposes and a branched chain pentacosanoic acid, 
CosH5oQ2, m.p. 78-79° distils off in a yield of 25 per cent. 

3. Avian 8-mycolic acid when heated to 280-295° under 1 mm. 
pressure decomposes and yields 21 per cent of normal tetraco- 
sanoic acid, Co,H 

4. The non-volatile residues that remain after pyrolysis can be 
separated into several fractions as white amorphous powders 
that vary in physical properties and in chemical composition. 
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THE EFFECT OF FORMALIN FIXATION ON LIVER LIPIDS* 
By NELLIE HALLIDAY 


(From the Chemical Laboratory, New England Deaconess Hospital, Boston) 
(Reeeived for publication, February 21, 1939) 


The use of formalin for preservation of tissue is a general prac- 
tice. Its action on protein and lipids has received considerable 
study (1-8). Weil (4) stated that, ““The present opinion that 
formaldehyde solutions are a fixative for the preservation of lipoids 
should be revised.’’ On the other hand, tissues which have been 
in formalin for as long as 40 years have been studied histologically 
in this laboratory and they still showed the presence of consider- 
able lipid. 

The question as to the accuracy of results obtained from analysis 
of formalin-fixed tissue often arises, and since the material was at 
hand to do so, it appeared of value to study quantitatively the 
effect of fixation on the several lipid constituents and the moisture 
content of liver tissue. 


EXPERIMENTAL 


The livers were obtained at autopsy. From the same lobe a 
portion was placed in formalin and the remainder was analyzed 
immediately. The length of time in formalin varied from 23 
hours to 200 days. Two methods were used for the extraction of 
the tissues when taken from formalin. In Method 1, the tissue 
was cut into pieces and adherent formalin removed with filter 
paper. The tissue was then ground with sand and extracted with 
with alcohol-ether. In Method 2 the tissue was air-dried before 
a fan overnight, so as to remove all the formalin possible. The 
tissue was then ground and dried in a desiccator. Samples of the 
dried material were extracted continuously in a modified Soxhlet 
apparatus for 24 hours with alcohol.! 


* Presented by title before the Ninety-sixth meeting of the American 
Chemical Society at Milwaukee, September, 1938. 

1 These extracts were kindly prepared by Miss Hazel M. Hunt, Director 
of the Chemical Laboratory. 
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66 Formalin Effect on Liver Lipids 


Total fatty acids, iodine numbers, phospholipid fatty acids, 
total cholesterol, and moisture were determined. The Bloor 
techniques (9) were used for determination of total fatty acids, 
phospholipid fatty acids, and total cholesterol. Iodine numbers 
were determined by the Yasuda method (10). For moisture the 
tissue was dried on a steam bath for 24 hours, and then in a desic- 
cator over sulfuric acid to constant weight. | 


Results 


Table I gives the results of the analyses of the fresh and for- 
malin-fixed tissue. 

In the case of total fatty acids there were only slight losses 
when the tissues had remained in formalin up to about 3 months. 
(In one case the total fatty acid value appeared to be higher in the 
formalin-fixed than in the fresh tissue. Since all of the other 
samples analyzed showed lower values for formalin-fixed than for 
fresh tissue, it is believed that the result is probably due to an 
error in sampling. Kaplan and Chaikoff (11) have shown that 
variations occur in different lobes of a liver, but the fresh and 
formalin-fixed tissues were from the same lobe in each case.) 
The results at 150 to 200 days, however, show that considerable 
loss had oecurred. It seems probable that this may have been 
the result of autoxidation. Halliday (12) has demonstrated losses 
when lipid extracts are held about 3 months. 

There was a definite and considerable drop in iodine numbers 
to about 50 to 60 after 2 days of formalin treatment, probably 
due to oxidation. 

The phospholipid fatty acid content was markedly reduced 
even after the tissue had been in formalin only 23 hours, with 
little difference between results obtained from tissue held 2 days 
or 6 months. 

Total cholesterol values were little affected by formalin treat- 
ment. In the first two cases the results with formalin-treated 
tissue were slightly higher than those with fresh, probably owing 
to differences in the liver samples. After several months of 
formalin treatment, the results were definitely lower, but here 
again the liver samples may have varied. 

The percentage of moisture (determined as total solids) after 
formalin treatment was very similar to that of fresh tissue. Be- 
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cause of this constancy the results obtained from alcohol extracts 
of dried tissue (Method 2) were converted into percentage of 
fresh tissue. Some of the differences between the results by the 


TABLE | 
Effect of Formalin Treatment on Liver Tissue 
The liver tissues were removed from formalin after the periods of time 
indicated. ‘The methods of extraction used are described in the text. 


Phospho- Total 


Case Time offormalin | [otal lipid | Moi 
Mo. | INo. | fatty Moisture 
| “ent | cont | Por cont 
40055 Fresh 8,928 | 64.0 | 2773 | 304 | 74 
| 2$ hrs., Method 1 | 7,739 | 63 | 2047 | 31 | 73 
40070 Fresh | 12,1838 | 56.0 | 1979 | 339 | 66 
| 2 days, Method 1 | 11,275 51 1005 360 | 70 
39566 Fresh | 10,885 | 69.7 | 2071 | 315 | 71 
days, Method 1 6,705 66 | 
39416 Fresh | 15,567 | 60.0 | 2052 | 412 65 
20 days, Method 1 14,800 8372 65 
| | 14,270 | 51.0 844-302 
39438 Fresh 3,156 97.5 | 2048 | 325 76 
| 78 days, Method1 | 3,014 | 65 | 1173 | 280 | 75 
39439 Fresh | 2,308 | 87.0 | | | 
| 79 days, Method1 3,090 | 60 | 10988 | 204 | 7% 
37666 Fresh | 3,200 | 107.0 | 2173 | 312 | 7% 
| 150 days, Method 1; 2,840 | 46 | 808 | 254 | 73 
| | 1,900 | 64 | 745 | 272 | 
37307 Fresh | 10,835 | 72.0 | 1773 | 431 | 68 
$179 days, Method 5,615 54 877 370 68 
| | 6,040 | 54 | 408 | 353 


* Two samples of liver were extracted and analyzed. 


two methods may be due to this method of calculation, but it 
would seem that the error could not be large. 

As a further study of the problem samples of palmitic acid, 
cholesterol, and lecithin were put into formalin for 1 week. The 
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68 Formalin Effect on Liver Lipids 


palmitic acid and cholesterol suspensions were filtered, the palmitic 
acid taken up in alcohol-ether and the cholesterol in chloroform, 
and the extracts analyzed. In both cases practically complete 
recovery was obtained, probably because of the short period of 
time the material remained in formalin. 

The lecithin, however, was very difficultly extracted from for- 
malin. At the end of a week it had diffused through the formalin. 
Centrifugation had no effect on it. It could not be extracted by 
alcohol-ether or by chloroform. However, slow extraction was 
effected by the use of petroleum ether, and a determination of the 
phospholipid fatty acids of the petroleum ether extract gave 
almost complete recovery. It seems probable that the formalin 
may have reacted in some way with the lecithin molecule, produc- 
ing a compound less soluble in aleohol-ether. 


DISCUSSION 


The results from analysis of formalin-treated tissue demonstrate 
that conclusions based on them alone could be erroneous. ‘Total 
fatty acids can be determined with a fair degree of accuracy after 
the tissue has been in formalin up to about 3 months, but there is 
a considerable drop in iodine numbers after the first few days. 
Both of these results can be interpreted as due to autoxidation, 
although an alteration in the lipids may have occurred. The 
very great losses found in the phospholipid fatty acids are possibly 
due to reaction of formalin with lecithin, leading to a less soluble 
compound. Furthermore, if the phospholipid were hydrolyzed 
the acids would not be precipitated in the method of determina- 
tion used, and lower apparent results would be obtained. De- 
termination of lipid phosphorus would probably give no more 
accurate results, since the liberated phosphoric acid was found in 
a water-soluble compound in the fixing fluid (4). 

There was no appreciable change in total cholesterol or in the 
percentage of total solids as a result of formalin fixation. 


SUMMARY 


Samples of diabetic livers obtained at autopsy were kept in 
formalin and analyzed after periods of time varying from 2} hours 
to 200 days. Determinations were made of total fatty acids, 
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iodine numbers, phospholipid fatty acids, total cholesterol, and 
moisture (determined as total solids). 

There was a rapid drop in iodine numbers and in phospholipid 
fatty acid content. Formalin fixation for periods up to about 3 
months caused little loss in total fatty acids. However, the 
results at 150 to 200 days showed that considerable loss had 
occurred. There was no appreciable change in total cholesterol 
or in moisture (determined as total solids). It is suggested that 
the losses in total fatty acids and the drop in iodine numbers may 
have been due to autoxidation on standing, but the large losses 
in the phospholipid fatty acids make it evident that formalin is 
not safe for phospholipid over any period of time. 


BIBLIOGRAPHY 


. Clark, G. L., and Shenk, J. H., Radiology, 28, 357 (1937). 

2. Zeleny, L., and Gortner, R. A., J. Biol. Chem., 90, 427 (1931). 

3. Witanowski, W. R., Acta biol. exrp., Warsaw, 2, 61 (1928); Chem. Abst., 
23, 2192 (1929). 

4. Weil, A., J. Biol. Chem., 83, 601 (1929). 

5. Mladenovic, M., and Lieb, H., Z. physiol. Chem., 181, 221 (1929). 

6. Kimmelstiel, P., Z. physiol. Chem., 184, 143 (1929). 

7. Zeiger, K., Z. wissensch. Mikr., 47, 273 (1930); Chem. Abst., 25, 4569 
(1931). 

8. Millot, J., and Giberton, A., Compt. rend. Soc. biol., 97, 1674 (1928). 

9. Bloor, W. R., J. Biol. Chem., 77, 53 (1928); 82, 273 (1929); 119, 451 
(1937). Bloor, W. R., Pelkan, K. F., and Allen, D. M., J. Biol. Chem., 
§2, 191 (1922). 

10. Yasuda, M., J. Biol. Chem., 94, 401 (1931-32). 

11. Chaikoff, I. L., and Kaplan, A., J. Biol. Chem., 119, 423 (1937). 

12. Halliday, N., J. Nutrition, 16, 285 (1938). 


i 
| | 
¥ 
| 
3 
# 
a 
| 
a 
4] 
| 4 
q 


| 

| 

| 
| 

| 


VARIATIONS PRODUCED BY FOOD DIFFERENCES IN 
THE CONCENTRATION OF ARGINASE IN THE 
LIVERS OF WHITE RATS 


By HOWARD D. LIGHTBODY ann ABRAM KLEINMAN 


(From the Division of Pharmacology, Food and Drug Administration, 
United States Department of Agriculture, Washington) 


(Received for publication, February 27, 1939) 


The evidence substantiating the theory of Krebs and Henseleit 
(1) concerning the réle of arginase in the formation of urea has 
been reviewed by Krebs (2) and Baldwin (3). This evidence is 
primarily the result of an vitro experimentation and correlation of 
the presence of the enzyme in the livers of animals of various 
species with the excretion of urea as the end-product of nitrogen 
metabolism. London and his colleagues have concluded (4, 5) 
that it is an zn vitro phenomenon only. If the theory is correct, 
the quantity of arginase present in the livers of rats would be 
expected to be related to the quantity of protein ingested. The 
object of this investigation was to determine whether or not there 
are changes in the quantities of liver arginase caused by the 
ingestion of diets of different protein content. In order to in- 
vestigate experimentally by zn vivo methods the relationship that 
may exist between the quantities of an enzyme and the demands 
placed on that specific enzyme system, it seemed desirable to 
select dietary conditions representing extremes within physio- 
logical limits and to continue the feeding for a sufficient period of 
time to permit adaptations to become marked. 


Procedure 


Groups of young, sexually mature rats at ages of greatest sex 
differences in the concentration of liver arginase (6) were selected. 
These animals were reared and maintained in an ‘‘air-conditioned”’ 
room at 24.4° and 50 per cent humidity. The diets used to 
obtain differences in quantity of protein consumed were composed 
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2 Effect of Food on Liver Arginase 


of powdered milk, starch, and casein, supplemented with 3 per 
cent dehydrated yeast, 1 per cent cod liver oil, and 0.5 per cent 
sodium chloride. An additional diet designed to furnish protein 
of inferior biological quality was prepared by replacing parts of 
the protein-bearing constituents of the above with gelatin. Diets 
containing 25 per cent milk proteins were used to secure “ap- 
proximate optimum” (7, 8) protein intake, while diets containing 
6, 60, and 75 per cent protein were used arbitrarily as approximat- 
ing extreme conditions of variation. The compositions of the 
food mixtures are summarized in Table I. The lengths of the 
feeding periods varied between 8 and 26 days. The results of the 
analysis are given in Table I]. The quantities of food consumed 


TABLE 
Composition of Food Mixtures 
In addition to cod liver oil (1.0), dried yeast (3.0), and sodium chloride 
(0.5), the food mixtures contained the following materials expressed as 
gm. per 100 gm. of mixture. 


APProx- Whole | Skim 


A l gro ik Ik C Gelat Starel 
No. nimal group protein asein i elatin arch 
per cent 

l I, 1V, VIII 6 20 75.5 
2 II, 1X 25 20 20 12 43.5 
3 III, V 25 20 19 56.5 
4 X, XI 60 20) » | 429 6.5 
5 


VI, VII, XII 75 15 15 65.5 


and the body weights were determined daily. These data are 
summarized in Table III. The methods of slaughter, collection 
and preparation of the tissue, and determination of arginase 
activity used here have been reported elsewhere (6). 


DISCUSSION 
That some enzyme systems may be altered by adaptation to 
changes in chemical environment has been established. The 
enzymes of bacteria have been shown to vary with the medium 
on which they are grown (9). Weinland (10) observed the appear- 
ance of invertase in the blood plasma of dogs following the injec- 
tion of sucrose. Abderhalden (11) observed the appearance of 
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proteolytic enzymes in blood following the injection of foreign 
proteins. It is well established that nitrogen balance tends toward 
equilibrium at different levels of protein intake. The body ad- 
justs its protein metabolism to its protein supply, and when read- 
justments are made to different levels, an appreciable length of 
time is required. In general, changes in enzyme systems caused 
by changes in type or quantity of food ingested may be expected 
to result in two types of adaptations, those that may be considered 
emergency measures, and those requiring slow changes in physio- 
logical processes. ‘Those of the first group may consist of changes 
of velocity and duration of enzyme action, rate of delivery of the 
substrate to, and removal of the end-products from, the site of 
action, and activation or inactivation of a reserve enzyme supply. 
Those of the second group may be considered adaptations in the 
quantities of the enzymes required to accomplish a given purpose. 
This investigation is coneerned only with the second type of 
adaptation. 

This investigation has shown that the adaptation of the quantity 
of enzyme to the quantity of protein ingested is brought about in 
two ways: first, the quantity of liver tissue is increased or de- 
creased; and second, the quantity of enzyme per unit weight of 
tissue 1s similarly changed. 

The data in Table II show that the amount of liver tissue per 
100 gm. of body weight is significantly increased in the animals of 
each sex as the protein intake is increased. These data show fur- 
ther that the changes in the size of the liver represent, for the most 
part, changes in the volume of the organ, since the liver solids were 
significantly different only when the livers from animals fed diets 
representing extremes of protein ingestion are compared. The 
livers of male rats fed the high protein diet for 26 days (Group 
VII) showed no greater increase in the quantity of liver tissue in 
relation to body weight than those fed the same diet for only 8 
days (Group V1), indicating that there was no further increase in 
liver tissue during the last 18 days of feeding. Comparison of the 
data representing results obtained by feeding groups of females 
shows a similar sequence of adjustments. This was evident 
particularly in Groups X and XI which were fed diets containing 
60 per cent protein for 8 to 10 and 16 days respectively. After 
the size of the livers of male rats was reduced by a_ prelimi- 
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74 Effect of Food on Liver Arginase 


nary fast of 2 days and feeding the 6 per cent protein mixture 
(Group IV), the liver tissue lost during fasting was not completely 
replaced.!. The consumption of food containing 25 per cent pro- 
tein, 76 per cent of which is gelatin (Group III), resulted in livers 
similar in size to those found after feeding a diet containing 6 per 
cent of milk proteins, but smaller than those found in animals after 
feeding a diet containing 25 per cent of milk proteins. The livers 
of the animals fed diets containing gelatin decreased in size during 
the feeding period. If the same gelatin-containing mixture is 
fed after a preliminary fast of 2 days (Group V), the sizes of the 
livers are the same as those found in animals fed the same diet 
without fast, and are significantly greater than those of animals 
fed a 6 per cent protein diet following the fast. Although the 
well-known sparing action of protein by gelatin was indicated 
here by restoration of body weight, it is clear that gelatin did not 
permit complete restoration of the liver tissue lost during fasting. 

The change in the size of the liver is the first adaptation men- 
tioned above and is the first to occur with change in the dietary. 
The data in Table II show that the quantity of arginase per unit 
weight of liver tissue likewise varies with the protein intake but is 
dependent upon the length of the feeding period. For example, 
analyses of the livers of groups of male rats (Groups I, I], and 
VII), and female rats (Groups VIII, LX, and XII), which were 
fed for periods of 12 days or more, showed that the quantity of 
arginase per unit of liver tissue varied with the concentration of 
protein in the diet. That the length of the period of feeding is 
significant is shown by the fact that the livers of animals fed diets 
high in protein for periods of less than 12 days (Groups VI and X) 
did not show increases in the concentration of arginase with in- 
creased protein intake. 

The effect on the size of the liver of a diet containing gelatin 
has already been discussed. The concentration of arginase in 
the livers of the rats fed a diet containing 25 per cent of protein, 
76 per cent of which was gelatin, was comparable with the con- 
centration found after feeding a diet containing 25 per cent of 


1A group of fifteen male rats, aged 97 to 103 days, was found to have 
0.83 + 0.01 gm. of liver tissue per 100 gm. of body weight after being fasted 
for 2 days (unpublished data) as compared with 0.95 + 0.02 gm. for the 
animals of Group IV and 1.15 + 0.02 gm. for the animals of Group II. 
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protein derived from milk. The greater quantity of arginase per 
unit of liver tissue in this group, as contrasted with that in the 
livers of rats fed a diet containing 6 per cent of milk proteins, and 
the equality of liver size of the last two groups show that the ad- 
justment in this case was accomplished by increased concentration 
of the enzyme per unit of liver tissue. It is evident that the 
synthesis of new enzyme in the livers of animals that had been 
fasted and then fed diets containing gelatin took precedence over 
the restoration of liver tissue, since the livers did not increase in 


TABLE III 
Comparison of Body Weight Gained with Quantities of Food Consumed in 
Successive 4 Day Feeding Periods 
The food consumption values are expressed in gm. of food per day per 100 
gm. of rat. The values in the table represent average quantities of food 
consumed daily during consecutive day periods. Body weight changes 
are average daily gains or losses during the same periods. 


Period 1 Period 2 Period 3 
group No. conten elg oO 00 rot 
consumed SOF com, 
per cent per cent per cent | per cent 
I 6 5.3 —1.4 6.1 2.1 234 
II 2 25 4.8 +1.1 4.8 3.9 4.9 4.4 
Ill 3 29 4.6 —1.4 4.9 1.5 9.1 2.9 
Vil 5 75 3.7 —O0.9 4.7 3.5 5.1 5.4 
Vill 1 6 6.5 —4.7 6.6 2.6 6.4 2.9 
IX 2 25 5.3 0.0 5.5 1.6 5.4 1.5 


75 -1.1 5.0 


size as they did in animals fed diets containing milk proteins at the 
same level, but did increase in enzyme concentration. 

The adjustments mentioned above in the quantity of arginase 
per unit weight of liver tissue or in the size of the liver, or both, 
result in the establishment of a relationship between the quantity 
of the enzyme per unit of body weight and the quantity of protein 
ingested. This is shown clearly by the data in Table II. The 
livers of male rats fed protein at a level of 6 per cent in the diet 
were found to contain less arginase per unit of body weight than 
did those fed diets containing 25 per cent protein. ‘The consump- 
tion for 26 days of food containing 75 per cent protein was ac- 


| 
j 


H. D. Lightbody and A. Kleinman 77 


companied by an increase to about 1.5 times that found at the 
25 per cent level. Comparison of the maximum and minimum 
group averages of enzyme values shows that the former is about 
2.5 times the latter and corresponds to the maximum and minimum 
levels of protein consumption. Similar relationships were found 
for female rats, although the differences between extremes were 
not so great. 

In addition to the facts already discussed, the data show that at 
6 and 75 per cent, the lowest and highest levels of protein intake, 
the sexual differences demonstrated previously (6) were not 
maintained. For example, the average value for arginase found 
for female rats on diets containing 75 per cent protein was more 
than twice the average value found in the livers of male rats on a 
diet containing 6 per cent protein. The data show further (Table 
III) that the adaptations or adjustments mentioned above are not 
caused by variations in the quantities of food consumed. 


SUMMARY 


Analyses of the livers of white rats for arginase activity after 
feeding diets markedly different in protein content have been 
made. 

The data show that two types of adjustments were made to 
variations in the quantities of protein consumed, a change in the 
size and in the arginase concentration per unit weight of the liver, 
and that these changes resulted in adjustments of the quantities 
of liver arginase per unit of body weight. The first adjustment to 
take place was a change in the size of the liver as demonstrated by 
feeding diets high in milk proteins, while the changes in enzyme 
concentrations constituted the second type of adjustment. 

The consumption of a protein of low biological value (gelatin), 
after reduction of the size of the liver by fasting, resulted in in- 
creases in the concentration of the enzyme in the liver without 
restoration in the quantity of the liver tissue. 
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THE VERATRINE ALKALOIDS 
V. THE SELENIUM DEHYDROGENATION OF CEVINE 


By LYMAN C. CRAIG anp WALTER A. JACOBS 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, March 13, 1939) 


Blount (1) and Blount and Crowfoot (2) have described the 
isolation and x-ray crystallographic study of several products 
formed on the selenium dehydrogenation of cevine. The principal 
substance was an apparently tetracyclic base, cevanthridine, to 
which a formula Co3HosN was assigned, and in smaller amount a 
tricyclic phenol, C,;7H,O, cevanthrol, measurements of which 
suggested a substituted phenanthrol, and finally in very small 
amount a hydrocarbon of questionable homogeneity. The correct 
interpretation of these substances will doubtless be important 
in the final derivation of the ring system of cevine. Since the 
study of the pyrolysis of cevine with zine dust and soda lime had 
led us (3) to a series of simpler pyridine and piperidine derivatives, 
it appeared strange that none of these was encountered among the 
products of the selenium dehydrogenation. Several years have 
passed since the last paper of Blount and Crowfoot on this subject, 
and we have accordingly made a supplementary study from this 
standpoint. As a matter of fact, it has been found possible to 
isolate other substances from among the products of the dehydro- 
genation of cevine while confirming the production of cevanthri- 
dine and cevanthrol. In addition, we have collected the more 
volatile products formed during the dehydrogenation. In this 
material but an inappreciable amount of unstable acid or neutral 
fraction was found. However, on fractionation of the basic 
fraction 8-picoline and the 2-ethyl-5-methylpyridine previously 
encountered on zine dust distillation were obtained. In addition, 
a higher boiling (about 216°) oxygen-containing base was isolated, 
7 79 
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the analysis of which approximated a formula CsH,ON which was 
supported by analysis of its picrate. 

The mixture of dehydrogenation products which remained in the 
selenium melt was extracted with ether. The material so ob- 
tained was chromatographically fractionated, as shown in the 
experimental part. In addition to cevanthridine and cevanthrol 
which agreed essentially in properties with those recorded by 
Blount and Crowfoot, a base was obtained which melted at 229° 
but which gave analytical figures difficult to interpret. However 
a formula CssHe;,N is a possibility. 

A third base which melted at 186° gave figures which approxi- 
mated those of a formula CoHosN. 

From hydrocarbon fractions of the chromatograph, two hydro- 
earbons were obtained which approximated homogeneity. One 
of these, which melted at 138-144°, gave on analysis figures close 
to those required for a hydrocarbon, Ci7His, and therefore pos- 
sibly corresponding to cevanthrol, Cy7H,O. Blount reported a 
very small yield of a hydrocarbon also melting at 139-143° but 
admittedly impure, since the analytical figures were obviously 
inconclusive; viz., C 90.3, H 8.0. Analysis of our second hydro- 
carbon which melted at 116-118° agreed with a formula C,sH;s 
and it is therefore apparently a homologue of the preceding hydro- 
earbon. Further investigation of these substances, both bases 
and hydrocarbons, which are obtained in poor yield is now in 
progress. 

In recapitulation, among the bases which have been isolated 
as degradation products of cevine may be mentioned £-picoline, 
partly racemized d-8-pipecoline (1), d-N-methyl-8-pipecoline (IT), 
2-ethyl-5-methylpyridine, a homologue CgHi3N, 2-ethyl-5-methyl- 
piperidine (III), the dicyclic base CyoHigN (methyloctahydro- 
pyridocoline ?) (VI), and a homologue (?) CyHeaN (VIL), a 
possible hydroxymethyloctahydropyridocoline CypH,ON (VIII), 
and a crystalline, possibly tricyclic base Cy,HigON (1X). In the 
degradation of the betaine, CosHysOsN, (the so called des-base) 
(4) from cevine methiodide, a major product proved to be an 
N-methyl hydroxy base, CsH,ON, probably an N-methyl-2- 
ethyl-5-methylhydroxypiperidine (LV). 

When the attempt was made, as already described (4), to 
carry this base through the steps of exhaustive methylation, its 
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methiodide did not yield an expected unsaturated des-base but 
apparently an oxido compound, which was isolated as its methio- 
dide. This dimethylamino oxido base would then have formula 


5 
tt 


(V). Finally may be mentioned the oxygen-containing base 
CsH ON just isolated from the selenium reaction (X) (?). 

If certain assumptions are made which are at present admittedly 
speculative but appear to be justified and which must, of course, 
be proved by further work, all of these bases may be correlated 
as is apparent from the structural formulas given. From such 
degradation products a partial strueture for cevine would be 
suggested as given in (XI), to which other rings must be in part 
directly fused or attached by a side chain. 


EXPERIMENTAL 


Selenium Dehydrogenation of Cevine 


Varying amounts of cevine were ground with twice their weight 
of selenium powder and placed in a round bottom flask of 5 or 6 
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times the volume of the mixture. The neck of the flask was 
lengthened by sealing on a piece of tubing about 50 cm. in length. 
A slow stream of hydrogen was passed through a glass tube which 
extended through the top of the flask and under the melt in the 
bottom. An exit tube was sealed on the flask about 5 em. above 
the bulb and led to a flask immersed in ice. This served as a 
condenser for the volatile material emerging from the reaction. 
The flask was heated by a salt bath which just covered its bulb. 

Volatile reaction products began to distil from the mixture 
at a temperature of 280° and continued as the temperature was 
raised to 320°. After 1 hour at this temperature little additional 
distillate was formed. In our experience long heating at this 
temperature alters somewhat the character of the material re- 
maining in the melt. Better yields of soluble material are ob- 
tained with shorter heating, but the products are more difficult 
to separate. 

Volatile Degradation Products— The volatile products from a 10 
gm. run were collected and acidified to Congo red with HCl. 
The acid solution was then shaken out with a small volume of 
ether. The ether solution was fractionated through a column. 
It appeared to contain only about 50 mg. of a very unstable oil 
which was not examined further. The acid aqueous layer was 
made strongly alkaline with solid KOH and extracted with a small 
volume of ether. The ether was dried over K2CQO,; and carefully 
concentrated. The residue was fractionated in microstill. 
After a small amount of residual ether had distilled off, about 450 
mg. of an oil which distilled up to a bath temperature of 115° 
at 0.5 mm. pressure were collected. This was then refractionated 
carefully in a microfractionating column 10 cm. in length. The 
following fractions were obtained with the bath temperature at 
90-105° and with pressure diminishing from 30 mm. to 0.5 mm., 
as recorded in Table I. | 

Fraction 1 gave a boiling point and analytical figures suggesting 
8-picoline: calculated for CsH;N, C 77.37, H 7.58. It was pos- 
sibly contaminated with water, since suitable precautions for 
drying had not been taken. It was definitely identified as the 
picrate. 10 mg. of the oil were treated with an equivalent of 
picric acid and the resulting picrate was crystallized from ethyl 
alcohol. 18 mg. were collected which melted at 145° and showed 
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no depression in mixed melting point with synthetic 8-picoline 
picrate. 


CeH:N-CeH;O7;N;3. Calculated, C 44.70, H 3.13; found, C 44.76, H 3.16 


Fraction 4 gave a boiling point and analytical figures agreeing 
with 2-ethyl-5-methylpyridine: calculated for CsHyN, C 79.27, 
H 9.15. 20 mg. of the oil when treated with an equivalent of 
picric acid in ethyl alcohol gave 40 mg. of picrate which melted 
at 142° and gave no depression when mixed with 2-ethyl-5-methyl- 
pyridine picrate obtained from the zine dust distillation of ce- 
vine (3). 


CsHiiN-CeHsO7;N 5. Calculated, C 47.98, H 4.03; found, C 47.97, H 3.89 


TABLE [| 


Volatile Degradation Products of Cevine 


mg. » mm, 

1 60 93 Ss | SS 143 76.13 | 7.84 
2 60 St 162 77.22 8.65 
3 60 96 173 78.97 9.08 
4 60 96 87 9 175 79.21 9.01 
5 60 96 87 3 187 75.84 8.85 
6 60 105 90 0.5 216 71.50 | 7.24 
7 20 


Residues 


Fraction 5 showed a lower carbon content which indicated the 
presence of oxygen. Fraction 6 showed a still lower carbon con- 
tent and gave analytical figures which agreed roughly with a base 


CsH,ON. 
CsH,ON. Calculated, C 71.08, H 6.71; found, C 71.50, H 7.24 


Analysis of the picrate supported this formula. 20 mg. of the oil 
treated with an equivalent of picric acid in acetone gave 22 mg. 
of crystalline material which melted at 150-151°. 


CsH,ON-CeH;07;N3. Calculated, C 46.14, H 3.30; found, C 46.22, H 2.98 


Non-Volatile Degradation Products—TYhe_ selenium-containing 
non-volatile residue from the dehydrogenation of 20 gm. of cevine 
was ground and extracted overnight with ether in a Soxhlet 
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apparatus. The ether extract was filtered from a small amount of 
selenium and evaporated to dryness. 5.6 gm. of material re- 
mained. The residue was dissolved in benzene and evaporated 
to dryness again to remove all ether. It was then dissolved in 
100 cc. of benzene and run through a chromatograph prepared 
with Brockmann’s aluminum oxide (from IE. Merek, Darmstadt). 
The chromatograph contained 350 gm. of aluminum oxide and was 
8 feet in length. Material began to come through after 310 ce. 
of solvent had drained. Succeeding volumes were then collected 
and considered as fractions. 

All of the fractions were separately treated with small volumes 
of acetone. Fractions 1 to 3 showed no tendency to crystallize, 


TaBLeE II 
Less Volatile Degradation Products of Cevine 


‘Weight of rystal- Weight of neutral! 


Fraction No, “Solvent material eluted | nematerial 
ce. mg. mg. | mg. 

1 120 370 0 
2 40 200 QO 
3 40 340 Q 30 
4 40 315 25 Q 
5 40 290 65 0 
6 40 240 95 0 
7 DO 230 100 0 
s W 190 65 0 
400 430 Q5 Q 


while all of the succeeding fractions gave crystalline material 
which was collected on a special centrifuge filter. The amount 
of such material is shown for each fraction in Table II. The 
erystalline material from Fractions 4 to 8 did not melt sharply 
but gave analytical results indicating the cevanthridine reported 
by Blount (1). Careful examination by fractional crystallization 
of each of these fractions seemed to indicate that they were the 
same and they were finally combined. Upon recrystallization 
twice from ethyl alcohol, broad thin leaves were obtained which 
melted at 211-212° (corrected). Blount reported a melting point 
of 207° for his substance. 
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CosHosN. Calculated, C 87.56, H 7.99; found, C 87.56, H 7.90 


Material was obtained from the mother liquors by fractional 
erystallization. Although such material gave considerably lower 
melting points, the analytical figures did not differ appreciably 
from those of cevanthridine. With the amount of material 
available it was not possible to effect a separation. It is possible 
that the mixture consists of cevanthridine and isomeric or homol- 
ogous substances which have similar properties. 

The crystalline material from Fraction 9 showed a higher carbon 
and a lower hydrogen content; found, C 88.30, H 7.28. After 
recrystallization from acetone and twice from benzene, broad 
flat needles were obtained which melted at 229-230° (corrected). 
The analytical data were not entirely satisfactory but were per- 
haps in best agreement with a formula, CosHea,N. This point is 
still under investigation. 


Co;sHesN. Calculated. C 88.44, H 7.43, N 4.12 
Found. “ 68.34 6.83, 3.07 


Fractions 1 to 3 were separately dissolved in ether and shaken 
with a small volume of 10 per cent HCl. In each case an in- 
soluble hydrochloride separated. The resulting mixture was 
centrifuged and the supernatant ether layer was removed and 
dried over KeCO,;. The ether extract from Fraction 3 gave little 
residue, while in the cases of Fractions 1 and 2 material was ob- 
tained which analysis indicated to be of hydrocarbon nature. 
This material from the two fractions was combined. The amount 
was 400 mg. Its further investigation will be described below. 

In the case of Fractions 4 to 9 the mother liquors obtained from 
the cevanthridine, ete., crystallizations were similarly treated 
with HCl and ether. Although hydrochlorides were obtained as 
described below, none of these fractions yielded a hydrocarbon 
fraction. 

In the case of each of the fractions the suspension of the hydro- 
chlorides was readily extracted with chloroform. The chloroform 
extracts from Fractions 4 to 9 were combined and dried over 
calcium chloride. After removal of the chloroform, the residue 
was crystallized from a small volume of acetone. 230 mg. of 
material were thus obtained. It was recrystallized by dissolving 
in a small volume of chloroform with addition of acetone. 180 
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mg. were obtained which melted at 188-190°. Analysis indicated 
loss of HCI on drying. 

A solution of the salt in chloroform was shaken with sodium 
hydroxide solution and dried over KeCO 3. After removal of the 
chloroform the residue was recrystallized twice from acetone. 
The base melted sharply at 186° (corrected). It gave analytical 
figures indicating a formula of Ce,HesN or 

Calculated. C 88.02, H 7.70, N 4.28 


“27.06. 
Found. 


The hydrocarbon fraction from Fractions 1 and 2 was placed 
in asmall sublimation apparatus under a pressure of 0.8 mm. 300 
mg. of material sublimed up to a bath temperature of 220°. 
This was combined with a similar fraction from another run and 
placed in a microfractionating column 22 cm. in length. A 
pressure of approximately 0.01 mm. was maintained at the mouth 
of the apparatus. Four fractions were taken, each weighing about 
100mg. The first fraction did not crystallize and smelled strongly 
of selenium compounds. The ensuing three fractions crystal- 
lized mainly at room temperature. <A residue of about 250 mg. 
remained in the still and could not be distilled up to a temperature 
of 220°. The second fraction of these yielded 10 mg. of crystal- 
line material from methyl alcohol which melted at 138-144° with 
previous sintering. When a micromelting point was taken, this 
was found to be 138-150°. The substance gave analytical 
data approximating those required by the hydrocarbon, C,;Hy., 
derived from cevanthrol by removal of oxygen. 


Ci7His. Calculated, C 92.67, H 7.32; found, C 92.68, H 7.46 


The third fraction gave 25 mg. of crystalline material from 
methyl alcohol, which showed a micromelting point of 104—-108°. 
Upon recrystallization, 17 mg. of substance were obtained (111- 
114°). Another recrystallization yielded 8 mg. of thin leaflets 
which gave a micromelting point of 116-118°. The analytical 
data agreed with the figures of a homologue of the hydrocarbon, 


Ci7Hie. 
CisHis. Calculated, C 92.24, H 7.77; found, C 92.06, H 7.71 
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The fourth fraction upon recrystallization from methyl alcohol 
yielded 15 mg. of material with a micromelting point of approxi- 
mately 120°, with some of the crystals remaining unmelted until 
150°. Found, C 92.51, H 7.66. 

The column was then eluted with ether. Upon evaporation 
550 mg. of substance were obtained from which we have not as 
yet obtained crystalline material. 

The column was then eluted with acetone. The eluate gave 
about 300 mg. of residue upon evaporation of the acetone. This 
likewise has not as yet yielded crystalline material. 

Elution was then made with methyl aleohol. On evaporation 
of the solvent 400 mg. of a residue were obtained which was placed 
in a molecular still under a pressure that was less than 0.1 uz. 
280 mg. distilled up to a bath temperature of 230°. This readily 
erystallized under benzene and after collection amounted to 100 
mg. On two recrystallizations from benzene, 40 mg. resulted 
which corresponded to the cevanthrol isolated by Blount and 
Crowfoot (2). It melted at 195-196° (corrected). Blount and 
Crowfoot reported a melting point of 197-198° for the substance. 


~Cy7HyO. Calculated, C 86.39, H 6.83; found, C 86.40, H 6.63 
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THE DETERMINATION OF NICOTINE IN URINE 


By A. C. CORCORAN, O. M. HELMER, ann IRVINE H. PAGE 


(From the Lilly Laboratory for Clinical Research, Indianapolis 
City Hospital, Indianapolis) 


(Received for publication, April 10, 1939) 


Nicotine absorbed from tobacco smoke is in part excreted in> 
the urine, according to Helmer, Kohlstaedt, and Page (1). 

The aim of the present study has been (a) to develop a method 
for the quantitative determination of small amounts of it in urine 
and (6) thus to measure the nicotine excreted by smokers. 

Two methods were developed in the course of this investigation. 
The first, which depends upon the precipitation and re-solution 
of nicotine reineckate, is applicable only to amounts of nicotine 
greater than 2.0 mg. The second which depends upon the K6nig 
reaction (2), modified from Briining and Schnetka (3), is applicable 
to 0.05 mg. of nicotine. 


Reineckate Method 


Principle—Nicotine is extracted from urine by continuous 
ether extraction, and the residue of the ether extract is steam- 
distilled first in acid and then in alkaline solution; the distillate 
from the alkaline solution is collected and concentrated, a satu-_ 
rated solution of Reinecke salt is added, and the precipitate of 
nicotine reineckate allowed to form. The precipitate is then col- 
lected, washed, and dissolved in diacetone and the color density 
determined in the photoelectric colorimeter. 

Reagents— 

1. Ethyl ether, redistilled. 

2. HCI, 0.1 N. 

3. Sorensen citrate buffer, pH 3.0, 0.15 Mm. 

4. 40 per cent solution of solid sodium hydroxide. 

5. Freshly made, cold saturated solution of Reinecke salt. 

6. Diacetone (acetone-free), obtainable from Commercial 
Solvents Corporation, Terre Haute. 
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Apparatus 

1. Continuous ether extractor (2 liter capacity). 

2. Steam distillation apparatus. 

3. Photoelectric colorimeter with light filters (4).! 

A 24 hour urine sample preserved with a few drops of chloroform 
is made alkaline with about 5 ec. of 40 per cent NaOH and placed 
in a continuous ether extractor. About 15 ec. of 0.1 N HCl are 
placed in the receiving flask, ether is added to fill the extractor, 
and the sample extracted for 36 to 48 hours. The ether is removed 
from the receiving flask by distillation and the aqueous residue 
transferred into a 500 ce. Erlenmeyer flask. The pH of the solu- 
tion is adjusted to about 3.0 with 0.1 N NaOH and brom-phenol 
blue (external indicator). The receiving flask is washed out with 
two or three 10 ce. portions of Svrensen citrate buffer, pH 3.0, 
which are added to the contents of the Erlenmeyer flask. 

The solution is then steam-distilled for 50 to 60 minutes and the 
distillate discarded, thus removing pyridine and its homologues 
(5). The solution is cooled, made alkaline to phenolphthalein 
with 1:1 NaOH, and again steam-distilled for 50 to 60 minutes 
into a flask containing 15 cc. of 0.1N HCI. The condenser adaptor 
is fitted well below the surface of the acid during this distillation. 

The acid distillate is concentrated in vacuo to a volume of 3 to 5 
ec. which is transferred to a 50 ce. beaker by washing with four 5 ee. 
portions of distilled water. The solution is concentrated on the 
steam bath to about 1 ce. and transferred by washing with three 
1 ce. portions of water into a 15 ce. graduated centrifuge tube. 

The solution is made up to 5 ec. with distilled water and 10 ce. 
of freshly prepared, cold saturated solution of Reinecke salt 
added, mixed by rotation, and the tube placed in the cold at 
2-3° for 3 hours. 

The precipitate is transferred and washed by the apparatus 
described by Pregl (6) and used by Kirk (7).2. The tip of the trans- 
fer tube is first placed in contact with the precipitate, which ts 
sucked onto the filter pad and then washed by the supernatant. 
The walls of the centrifuge tube are then washed down with two 
portions of 2.5 ce. each of cold distilled water, which are also 
sucked through the precipitate. Five successive 1 ec. portions of 

'The photoelectric colorimeter, light filters, and accessories may be 


obtained from the Rubicon Company, North Sixth Street, Philadelphia. 
* The apparatus is obtainable from Eimer and Amend, New York. 
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cold distilled water are then passed through the precipitate. The 
last few washings should be color-free. 

The filter tube is removed from the suction flask, the capillary 
washed with distilled water, and the stem inserted by its connec- 
tion into a 10 or 25 ce. volumetric flask. About 2 ec. of diacetone 
are placed in the filter tube and the precipitate and upper layers 
of the asbestos mat stirred into the fluid with a small, pointed 
glass rod. ‘The diacetone is sucked into the volumetric flask and 
the washing and stirring repeated five times with successive 1 ce. 
portions of diacetone, the last of which should be color-free. The 
stem and capillary are then washed with a few drops of acetone 
into the volumetric flask and the solution made up to volume. 
The volume chosen will depend upon the amount of precipitate. 

10 ce. of the diacetone solution are then placed in a colorimeter 
absorption tube (4) and the color density determined with refer- 
ence to a blank tube containing pure diacetone, with filter No. 520 
(transmission 495 to 550 mu). The nicotine content is found by 
reference to a calibration chart prepared from samples of nicotine 
precipitated, washed, and redissolved exactly as described for the 
unknown samples. 

Recovery —The recovery of nicotine added to 250 ec. portions of 
distilled water averaged 100 per cent (four determinations) without 
ether extraction or steam distillation. The recovery of 2.0 mg. 
of nicotine added to non-smokers’ urine and treated by the method 
described averaged 88 per cent and varied from 85 to 92 per cent 
(five determinations). The color equivalent of non-smokers’ 
urine amounted to 0.3 mg. per 24 hours in two experiments. 


Cyanogen Bromide-Benzidine Method 


Principle-—Nicotine is directly distilled from a small sample of 
alkalinized urine, and the distillate acidified, concentrated, and 
extracted with ether. The residue after evaporation of the ether 
is taken up in 3 per cent sodium acetate and treated with cyanogen 
bromide and benzidine under standard conditions to develop a 
color whose maximum density is then determined in the photo- 


electric colorimeter. 


Reagents — 

1. 1.0 N HCl. 
2. 0.1 N HCI. 
3. 0.1 N NaOH. 
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4. 40 per cent NaOH. 

5. 12 per cent sodium acetate. 

6. 3 per cent sodium acetate. 

7. Indicators, (a) 1 per cent phenolphthalein in ethyl alcohol, 
(6) 0.02 per cent o-cresolphthalein, (c) 0.04 per cent phenol red. 

8. Ethyl ether (redistilled). 

9. Cyanogen bromide. 4 gm. of NaBr, 3 gm. of NaBrQOs, and 
3 gm. of NaCN are dissolved together in 90 cc. of water, the solu- 
tion cooled in an ice bath, and 10 cc. of 12 N H2SO, added slowly 
with rotation to the cold solution. The solution thus prepared 
contains a small excess of acid which has been found advantageous. 
The solution should be prepared at least once in 3 days or whenever 
it becomes colored. ; 

10. Benzidine reagent. 50 mg. of benzidine base are dissolved 
in 100 ec. of 95 per cent ethyl alcohol. ‘The solution is stable for 
at least 1 week. 

A pparatus— 

1. Distillation apparatus, all-glass. 

2. Photoelectric colorimeter with light filters (4). 

A portion of urine containing about 0.2 mg. of nicotine is placed 
in the distillation flask, made alkaline to phenolphthalein with 40 
per cent NaOH, and concentrated during distillation to a volume 
of 5or 10 ce. The distillate is caught under the surface of 20 ce. 
of | N HCl in the receiving flask. 

The distillate is concentrated on a steam bath to a volume of 
5 to 10 ec., cooled in the ice box, and made alkaline to phenol red 
with 1 N NaOH. The alkaline distillate is then extracted with 
three successive 40 cc. portions of ether, and the ether extracts 
removed in a separatory funnel and combined. 5 ec. of 1 N HCl 
are then added and the ether distilled off on the steam bath. 

8 drops of o-cresolphthalein are added to the residue after evap- 
oration of the ether and the reaction of the solution is adjusted 
with 0.1 Nn NaOH and HC! until the color has just disappeared 
(approximate pH 8.2). The solution is transferred to a 25 ee. 
volumetric flask and brought to volume with those proportions of 
water and 12 per cent sodium acetate which will yield a final 
concentration of about 3 per cent sodium acetate.’ 5 cc. of the 


‘The reaction of cyanogen bromide with pyridine bases occurs best 
close to neutrality, and color intensity decreases sharply above and below 
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3 per cent sodium acetate solution are placed in a colorimeter 
absorption tube and 2 cc. of cyanogen bromide added. The tube 
is then placed in an ice bath‘ for 45 minutes. 4 ec. of benzidine 
reagent are then added drop by drop with rotation® and the tubes 
carefully dried with a soft towel. 

The color reaches its maximum in from 7 to 13 minutes after 
the addition of the benzidine. Meaximum color density is only 
maintained for about 1 minute. The tubes are consequently 
placed in the colorimeter and read at intervals of 1 or } minute at 
about 7 minutes after the addition of the reagent. The readings 
are made against a compensating blank prepared from 3 per cent 
sodium acetate solution treated exactly as the unknown. Light 
filter No. 420 (transmission 380 to 460 my) is used in this determina- 
tion. The nicotine content is then found from the maximum 
observed color density by reference to a calibration chart prepared 
from solutions of nicotine in 3 per cent sodium acetate. 

Recovery Results obtained in experiments with known quan- 
tities of nicotine are averaged in Table I. It will be seen that 
small amounts of nicotine (0.40 and 0.20 mg.) could not be re- 
covered by the methods of steam distillation used in the reineckate 
method. Direct distillation allows recovery of 87 to 100 per cent 
of added nicotine. 


this point. The maximum color obtained in our experiments was developed 
by the use of 3 per cent sodium acetate and a slightly acid solution of 
cyanogen bromide in the proportions indicated. Color intensity also 
varies with the quantity of added cyanogen bromide. The preparation of 
the reagent is therefore standardized in our technique. 

* We have found in preliminary tests that the reaction of cyanogen 
bromide with nicotine to yield a colored product on the addition of benzi- 
dine was more complete and yielded deeper colors when allowed to proceed 
at ice bath temperature. 

’ At room temperatures maximum color intensities are obtained after 
25 to 30 minutes of contact of nicotine and cyanogen bromide in buffer 
solution. At 2-3° the maximum is reached only after 40 minutes. 

6 As the color obtained is, within limits, proportional to the amount of 
added benzidine, the amount used is approximately a maximum for the 
conditions of our method. Occasionally after it has been added, either 
sodium acetate or benzidine may tend to crystallize out from the colored 
solution. The analysis may be saved by immediate centrifugation to 
remove the precipitate from the line of light to which the photoelectric 
cell is exposed in the colorimeter. 
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TABLE | 


Recovery Experiments with Cyanogen Bromide-Benzidine Method 


No. of N 


icotine Nicotine Recov-. 


Procedure added found ered 
extraction (no distillation) | | 0.200 0.197 97.5-100 
Petroleum ether extract (no dis-* 4 0.200 | 0.191 | 95.7 | 925-100 
tillation) | | | | | 
Alkaline steam distillation 1 0.600 0.360 60.0 
8 0.400 0.285 71.0 54 94 
| 13 | 0.200 | 0.109 | 54.6 | 28 — 68 
Acid and alkaline steam distilla- 4 0.400 | 0.250 | 62.5 | 57 — 68 
tion 
Direct distillation from water 6 0.400 | 0.383 | 95.7 | 87 —100 
urine 0.400 | 0.387 | 96.8 | 88 -101 
10 
| 
| 
= 
3 3 
= 4 
2 ‘ 
J * Cyanogen Bromide Method 
= Keineckate Method 
10 40 50 60 
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Fic. 1. The relation between excretion of nicotine and the number of 
cigarettes smoked by normal adults. 


Nicotine tn Urine 


Thirty-four experiments were made on the urine of twenty-six 
non-smokers and gave an average color equivalent to 0.233 mg. of 
nicotine per liter and a range of from 0.060 to 0.42 mg. of apparent 
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nicotine. As part of this color blank may be due to the 30 to 50 
mg. of nicotinic acid excreted daily in normal urine (8), recovery 
of nicotinic acid was ascertained and found to be less than 2 per 
cent by this method. Two normal subjects were given 500 mg. 
of nicotinic acid orally and only 0.5 per cent was recovered as 
apparent nicotine in the urine specimens of the 24 hour periods. 

Both the reineckate and cyanogen bromide methods were ap- 
plied to the urines of cigarette smokers. The results obtained are 
graphically expressed in Fig. 1. The daily exeretion of nicotine 
tends to increase with the number of cigarettes smoked, although 
the relation is not exact. The amount excreted per cigarette 
averaged 0.254 mg. and ranged from 0.08 to 0.49 mg. per cigarette 


TABLE II 
Excretion of Nicotine in Urine after Intravenous Injection in Dogs 


Buperi- | Dow Nico- cent — after 

“ume thr. | 2hre. | 3 hrs. 4hrs. Shrs. 6hrs. 12hrs. 24 brs. 

189 2.0 15 | 12.8 | 
2 | is 3.0 23 | 2.3 4.26.1 7.1 | 8.5 
3 167 | 2.5 15 2.0 2.96 4.0 
4 474 2.0 22 2.6; 6.0; 9.6 
5 SY 3.0 29 2.0 | 3.1 4.2 
6 479 | 2.5 16 5.2 7.6 
7 480) 2.9 3.4 10.0 
8 167 | 2.5 2 | 4.2 


Kight experiments were done on unanesthetized female dogs 
given slow, intravenous injections of nicotine in 0.9 per cent NaCl. 
Urine was collected by catheterization for several hours after the 
injection and the nicotine content determined. The results of 
these experiments are tabulated (Table II). The amounts re- 
covered varied widely from 12.9 per cent in 2 hours after injection 
to 4.2 per cent in 24 hours. It is of interest to note that the 
maximum and minimum recoveries were made on the same ani- 
mal, 

DISCUSSION 


The cyanogen bromide method is more convenient than the 
reineckate method, as the latter is tedious and required the ex- 
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traction of large amounts of urine. It is a modification of that of 
Briining and Schnetka (3). The cyanogen bromide reagent was 
prepared by a modification of the method of Gépner (9). We 
have preferred to use benzidine rather than aniline in developing 
the color because the reagent could be easily and accurately pre- 
pared and was stable over periods of 5 to 10 days. Benzidine 
also gives more color than aniline under the conditions we have 
used. We have introduced into the method the sharp control of 
time, temperature, and quantity of amine. 

Individual variations in smoking habits (inhalation, complete- 
ness of smoking) make strict correlation of nicotine excretion with 
the number of cigarettes smoked difficult. The experiments on 
Dogs 189 and 167 indicate that the same subject may excrete 
different amounts at different times. The slow excretion of nico- 
tine which is obtained during the several hours following its 
intravenous administration in dogs may be due to extrarenal 
excretion, reabsorption in the kidneys, or partial destruction of 
nicotine in the body. The fact that the total amounts recovered 
in the urine of 24 hour periods were not greater than those re- 
covered over shorter periods is in favor of the latter possibility. 
Biebl, Essex, and Mann (10) have shown in heart-lung prepara- 
tions of dogs that the liver has proportionately greater ability to 
destroy nicotine than the equivalent mass of perfused hind limb. 
Werle (11) has reported the presence in liver tissue slices of a 
nicotine-destroying enzyme. The relatively large amount of 
nicotine excreted by human beings who smoke may consequently 
represent a very large intake.’ 


SUMMARY 


1. Two methods for the colorimetric determination of nicotine 
in urine are described. The first depends on precipitation of 
nicotine reineckate, the second upon the reaction of nicotine with 
eyanogen bromide and benzidine. The latter method is more 


7 On the assumption that nicotine excreted in the urine represents only 
about 10 per cent of nicotine absorbed, the excretion of 0.25 mg. per ciga- 
rette implies the absorption of 2.5 mg. of nicotine. Wenusch (12) has 
_ found an average of about 30 mg. of nicotine in the smoke of one cigarette. 

Maddock and Coller (13) have calculated that 2.5 to 3.3 mg. of nicotine 
are absorbed in smoking one cigarette. 
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convenient and yielded recoveries of nicotine added to urine of 
from 88 to 101 per cent. 

2. The amounts of nicotine excreted in the urine of persons who 
smoke varied from 1.4 to 9.8 mg. per 24 hours and tended to in- 
crease with the number of cigarettes smoked. 

3. The amounts of nicotine recovered in the urine of normal 
dogs during the several hours after the intravenous administration 
of small doses of nicotine varied from 12.8 per cent in 2 hours to 
4.2 per cent in 24 hours. 

4. It is suggested that nicotine is partly destroyed in the body. 
The amount excreted in the urine of smokers probably represents 
a small portion of the absorbed nicotine. 


The writers wish to express their gratitude to the John and Mary 
R. Markle Foundation for a grant to one of us (A. C. C.). 
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FORMATION OF LACTIC ACID, AN INITIAL PROCESS 
IN WORKING MUSCLE* 


By EUNICE V. FLOCK, DWIGHT J. INGLE, anno JESSE L. BOLLMAN 


(From the Division of Experimental Medicine, The Mayo Foundation, 
Rochester, Minnesota) 


(Received for publication, March 20, 1939) 


The early chemical changes in continuously contracting muscle 
have been definitely shown to involve anaerobic reactions. The 
formation of lactic acid from glycogen, the hydrolysis of phospho- 
creatine, the hydrolysis of adenosinetriphosphate, and the forma- 
tion of hexosemonophosphate liberate energy which may be used 
for muscular contraction. Most of the theories of muscular 
contraction postulate some degree of interdependence of these 
reactions and an oxidative recovery phase involving the reversal 
of the anaerobic reactions. With continuous work the oxidative 
recovery of these substances is assumed to increase until the re- 
synthesis is equal to the somewhat lessened anaerobic hydrolysis 
when a steady state is reached. The immediate energy of con- 
traction is considered as being continually derived from the 
anaerobic processes maintained in continuous reaction by energy 
from oxidative processes. 

Lundsgaard (1) in a recent review stated that the question 
might well be raised as to the extent to which the known anaerobic 
processes participate in the metabolism of aerobically working 
muscle; that is, muscle working with unimpaired circulation and 
adequate oxygen supply. Sacks and his collaborators (2-4), as 
well as others since Embden et al. (5), have seriously questioned 
the part played by the anaerobic processes in the contraction of 
muscle working aerobically and have indicated that the chemical 
reactions of anaerobiosis are much less definitely related than they 
were assumed to be. Sacks, Sacks, and Shaw (3) compared the 
chemical changes occurring during and after stimulation of muscle 


* Read before the Division of Biological Chemistry of the American 
Chemical Society at Milwaukee, Wisconsin, September 5-9, 1938. 
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in cats by comparing the contents of the stimulated and the cor- 
responding unstimulated muscle. At one twitch per second the 
lactic acid rapidly increased to a peak in 1 minute and subse- 
quently declined. Phosphocreatine decreased rapidly and subse- 
quently increased slowly. No change occurred in the adenosine- 
triphosphate or the hexosemonophosphate content of the muscle. 
At two twitches per second hydrolysis of adenosinetriphosphate 
and synthesis of hexosemonophosphate occurred rapidly within 
the Ist minute and decreasingly less at subsequent times. Sacks 
found that in recovery from 5 minute stimulation twice each 
second phosphocreatine was resynthesized slowly, and adenosine- 
triphosphate even more slowly and indicated that the rate of 
resynthesis is too slow to be of great importance in furnishing 
energy for continued muscular contraction. He concluded that 
the contracting muscle uses oxidative reactions directly as a 
source of energy. Bang (6) on the basis of analysis of the blood 
of human beings engaged in moderate. exercise also suggested 
that lactic acid formation occurs only in the Ist minute of muscular 
work. Kramer (7) found that approximately 1 minute was 


‘ required for the blood flow of resting muscle to become maximal 


after the onset of vigorous activity. 

Our observations of the changes occurring in contracting rat 
muscle are in general similar in import to those of Sacks and his 
collaborators. In our use of a more rapid rate of stimulation the 
changes produced in the acting muscle are more pronounced and 
may be compared on a different basis. Under these conditions 
the major portion of change in lactic acid, glycogen, phospho- 
creatine, adenosinetriphosphate, and hexosemonophosphate is 
completed within the Ist minute of work. ‘The rate of these 
changes, the subsequent alterations with continued work, and the 
alterations occurring with rest indicate an independence of the 
anaerobic reactions and their reversal. In addition, our data 
appear to indicate that the anaerobic reactions are involved in the 
initial processes of muscular work but are not greatly involved in 
its continuation. 


EXPERIMENTAL 


Male rats of the Wistar strain, which weighed from 200 to 300 
gm., after a fast of 24 hours were anesthetized with amytal and 
the skin was loosened from the hind legs and held in place with 
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loose sutures. The Achilles tendon of the left leg was loaded with 
a weight of 100 gm. and the muscle stimulated three times each 
second by a direct faradic current as described by Heron, Hales, 
and Ingle (8). Mechanical recorders of the movement of the 
weight indicated a constant amount of work performed during 
the first 40 to 80 seconds after which time there was a decrease of 
about 30 per cent, which was associated with a definite decrease of 
muscle tonus. No further changes of the amount of movement 
occurred during these experiments, the recorders indicating similar 
activity in each succeeding minute. During periods of rest the 
weight was removed from the tendon. At the time indicated the 
gastrocnemius muscle was removed and plunged into a freezing 
mixture of carbon dioxide-ice and aleohol. Not more than 3 
seconds elapsed during this process. The unstimulated gastroc- 
nemius muscle of the right leg was removed in the same manner. 

The frozen muscle was fragmented between cooled steel blocks, 
quickly weighed, and dropped into tubes containing ice-cold 5 
per cent trichloroacetic acid and glass beads or the hot potassium 
hydroxide. The tubes were shaken for 10 minutes and the solu- 
tion was filtered. Because of the small quantity of muscle available, 
different series of rats were used for the determination of lactic 
acid, glycogen, and phosphate. Lactic acid was determined by 
the method of Friedemann, Cotonio, and Shaffer (9) after pre- 
liminary treatment with copper sulfate and calcium hydroxide 
glycogen by the modified Pfluger method, and phosphate by the 
method of Fiske and Subbarow (10). The modified Eggleton 
procedure for fractionation of the acid-soluble phosphates was 
used (11). The phosphocreatine was determined directly. The 
soluble ester or hexosemonophosphate was the difference between 
this and the entire barium-soluble fraction. The inorganic 
phosphate and the phosphate hydrolyzable in 15 minutes, which 
would represent chiefly the labile part of adenosinetriphosphate, 
were determined on the barium-insoluble fraction. The original 
extract and the two fractions thereof were ashed with sulfuric acid 
and superoxol. The values reported are differences between the 
stimulated and unstimulated muscles. 


Results 


Analyses of the muscle from both hind legs of the resting rat 
showed but small differences in the contents of each gastrocnemius 
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muscle. The concentrations of the various compounds in the 
resting muscle of the experimental animals showed a much greater 
variation which did not appear to be correlated with the changes 
found in the stimulated muscle. Such variations, however, were 
small in comparison to the changes in the stimulated muscle and 
were probably due to differences in the depth of anesthesia and in 
the amount of manipulation involved. The content found in the 
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Fic. 1. The decrease in glycogen, expressed as the difference in the 
glycogen content of the stimulated and the unstimulated muscle on the 
opposite side of the same animal. The stimulated muscle contracted 
three times each second for the entire period of time indicated on the 


abscissa. 


resting muscle of the various experiments was lactic acid 15.6 + 
3.8 mg. (s.p.), per 100 gm. of muscle, and phosphocreatine 45.4 + 
6.0, adenosinetriphosphate 34.0 + 4.5, hexosemonophosphate 
11.2 + 4.0, inorganic phosphate 28.6 + 6.0, each expressed as 
mg. of phosphorus per 100 gm. of muscle. 

Tabulation of the differences in the concentration of the various 
compounds found in the stimulated and unstimulated muscle of 
each animal after a definite period of stimulation showed the fol- 
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lowing changes to be present in the intermittently stimulated 
muscle. The glycogen content rapidly decreases progressively 
during the Ist minute; after this time there is little significant 
further change (Fig. 1). The lactic acid content increases pro- 
gressively during the Ist minute; after this time there is a much 
slower decrease until resting values are present after approximately 
15 minutes (Fig. 2). These values remain unchanged with the con- 
tinuance of work. The content of phosphocreatine also decreases 


500 3 Normal rats -— Work 


-Adrenalectomized rats - Work 
Hevatectomized rats - Work 
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Fig. 2. The increase in lactic acid, expressed as the difference between 
the lactic acid content of the stimulated and unstimulated muscle from 
the opposite side of the same animal. In the groups represented by @, 
x, and @, the stimulated muscle contracted three times each second for 
the entire period of time indicated on the abscissa. In the group repre- 
sented by O, stimulation was continued only for 1 minute and the subse- 
quent period of time indicated on the abscissa represents a period of rest. 


during the Ist minute and there is little further change as work 
continues (Fig. 3). The content of adenosinetriphosphate shows 
little change during the first 20 to 30 seconds, decreases rapidly 
during the next 30 to 40 seconds and then shows some tendency 
to increase slowly as work continues for 30 to 60 minutes, but. 
does not return to resting values as long as work is continued. 
The content of hexosemonophosphate increases rapidly during 
the Ist minute; after this time there is a slow decrease until 
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Increase in inorganic phosphate 
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at : Fic. 3. The changes in concentration of phosphate compounds during 
work. The changes in phosphate compounds are expressed as differences 
in content in the stimulated and the unstimulated muscle on the opposite 
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approximately 15 minutes, when resting values are present. 
These values remain unchanged as work continues. The content 
of inorganic phosphate increases rapidly during the Ist minute 
and remains elevated as long as work continues (Fig. 4). 
Similar tabulation of the differences found in the concentration 
of the various compounds in the stimulated and unstimulated 
muscle after definite periods of rest following stimulation for 1 
minute showed the following changes to be present in the previ- 
ously stimulated muscle. The glycogen content remained low, 


Lactic acid 


Hexose phosphate 


enosine triphosphate 
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Fic. 4. A composite picture of the changes occurring in muscle (ex- 
pressed as mg. of each substance per 100 gm. of muscle) during continuous 
contraction at the rate of three times each second. Each point represents 
an average value. 


that is at the level usually found after 1 minute of stimulation, 
and showed no tendency to increase with rest of as much as 1 hour. 
The lactic acid content gradually decreased until resting values 
were present after about 15 minutes of rest and no further change 
occurred (Fig. 2). The content of hexosemonophosphate also 


side of the same animal. The stimulated muscle contracted three times 
each second for the entire period of time indicated on the abscissa. The 
concentration is expressed as mg. of phosphorus per 100 gm. of muscle. 
In the group represented by O, stimulation was only for 1 minute and the 
subsequent period of time indicated on the abscissa represents a period 
of rest. 
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decreased until resting values were reached after 15 minutes of 
rest. The changes in glycogen, lactic acid, and hexosemono- 
phosphate appeared identical whether work was continued or 
rest ensued. The adenosinetriphosphate content gradually in- 
creased so that resting values were obtained after about 15 minutes 
of rest, which is different from the much slower return to resting 
values as found with continuous work. ‘There is a rapid increase 
in the phosphocreatine content so that values almost equivalent to 
the resting value are found within 3 to 5 minutes of rest. The 
inorganic phosphate content of the muscle decreases rapidly so 
that resting values are found within 2 to 5 minutes after the cessa- 


TABLE I 
Production of Lactic Acid (Work-Rest-Work)* 


Time of rest | Lactic acid | Time of rest | Lactic acid 
min. mg. per 100 gm. muscle — min. mg. per 100 gm, muscle 
3 171 13 137 
4 | 122 18 111 
6 | 57 | 18 | 106 
8 141 28 | 90 
5 92 28 | 93 


* Leg stimulated for 1 minute, rested the specified time, then stimulated 
again for 1 minute. The value for the lactic acid is expressed as the differ- 
ence in lactic acid content between the working muscle and the unstimu- 
lated muscle. These differences are definitely less than are found with the 
first 1 minute stimulation but definitely more than would be present with 
continuous stimulation as shown in Fig. 1. 


tion of work. This is in marked contrast to the continued low 
values of phosphocreatine and high values of inorganic phosphate 
found with continued work (Fig. 3). 

Muscle stimulated for 1 minute and allowed to rest for 1 or 
more minutes and then restimulated for 1 minute showed changes 
of the same nature as those found after 1 minute stimulation 
alone (Table I). When these changes are considered in relation to 
the values for the different compounds expected to be present at 
the moment of the beginning of the last period of stimulation, it 
appears that the changes have been less in amount than would 
occur with the initial 1 minute stimulation but have been in the 


same direction. 
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Stimulated muscle of hepatectomized rats in which the concen- 
tration of blood sugar was low brought about changes in the con- 
centration of the various substances of the muscle very similar to 
those found in intact rats after similar stimulation. Adrenalecto- 
mized rats, many of which were in such a state of insufficiency 
that the muscle was completely fatigued after short periods of 
stimulation, showed changes in the stimulated muscle similar to 
normal animals at intervals of continuous work and also after 
intervals of rost. 


Comment 


Analyses of muscle made in the course of our experiments 
showed consistent differences between the stimulated and the 
non-stimulated muscle at corresponding intervals of time. The 
absolute values found, however, may not be taken directly as the 
amount of these substances formed or destroyed during the time 
intervals involved. Diffusion into the blood and lymph with the 
increased amount of blood flow induced by exercise as well as the 
various processes of destruction, oxidation, and resynthesis may 
alter the total amount of the substances present. All of our 
experiments were conducted under amytal anesthesia, which 
might induce changes not found in the unanesthetized animal. 
No major process appears to be involved, however, because mus- 
cular contractions may be maintained continuously and unaltered 
in intensity for several days. 

It is interesting to note that the labile substances studied, 
namely glycogen, phosphocreatine, and adenosinetriphosphate, all 
break down under the conditions of our experiments during the 
Ist minute of work and work may then continue for some time 
without further change in the concentration of these substances. 
Glycogen and phosphocreatine break down simultaneously but 
adenosinetriphosphate breaks down more slowly. This is con- 
trary to the idea of Lohmann (12), which is still advocated by 
Lundsgaard (1) and by Needham (13) and which was derived from 
a study of cell-free muscle extract, that the breakdown of adeno- 
sinetriphosphate precedes that of glycogen and that energy for 
its resynthesis may then be supplied by hydrolysis of phospho- 
creatine and glycogen as well as by oxidation. 

Among the products of breakdown of these three labile sub- 
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stances are lactic acid, hexosemonophosphate, and inorganic 
phosphate, all of which reach maximal concentrations during the 
Ist minute of work. The concentration of inorganic phosphate 
remains elevated as work continues but the concentrations of 
lactic acid and hexosemonophosphate return to normal within 
15 minutes. That these two substances may parallel each other 
in their rates of formation and reeovery has been previously shown 
by Sacks, Sacks, and Shaw (3). We were unable to detect any 
formation of the labile hexose-l-monophosphate described by 
Cori and Cori (14). 

It would appear that the removal of lactic acid, which accumu- 
lates in the muscle during the Ist minute of work and the excess of 
which is completely removed during the next 15 minutes, is ac- 
complished by diffusion into the blood and little if any by increased 
oxidation or resynthesis into glycogen. If increased oxidation of 
lactic acid were much of a factor, the lactic acid formed on restim- 
ulation after a few minutes rest should be more rapidly removed. 
Stimulation at this time, when the lactic acid content of the muscle 
is rapidly decreasing, produces an increase in the lactic acid con- 
tent of the muscle. For similar reasons, rapid formation of lactic 
acid may be said to cease after the Ist minute of exercise in our 
experiments. The rate of its decrease to resting values is the same 
with continued work or rest or after the increase with subsequent 
work. If it were formed continuously with work, the diminution 
of its content in the muscle would indicate an increased rate of its 
removal which should be made apparent by a more rapid removal 
immediately following cessation of work or during a subsequent 
period of work. 

Phosphocreatine, like glycogen, remained at a low level as work 
continued but unlike glycogen was rapidly resynthesized if rest 
ensued. The changes observed in the inorganic phosphate con- 
tent of the muscle were synchronous with the changes in phos- 
phocreatine but in the opposite direction. In the past phos- 
phocreatine changes have been considered both as the cause and 
effect of the production of lactic acid from glycogen. ‘Thus 
Lundsgaard (15) in 1931 proposed the idea that glycogen breaks 
down to supply energy for the resynthesis of phosphocreatine and 
Meyerhof (16) in 1937 still accepted this idea. Fiske and Sub- 
barow (17) considered that the function of the hydrolysis of 
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phosphocreatine is to supply alkali for the neutralization of the 
lactic acid formed from glycogen. The Sacks, who agree with this 
idea, found that in the recovery phase the phosphocreatine is 
resynthesized in amounts equivalent to the quantity of lactic acid 
removed. In our work the recovery of phosphocreatine took 
place only during rest, whereas the recovery of lactic acid occurred 
at the same rate during work or rest. Work can continue in the 
normal animal without any apparent formation of lactic acid and 
with a low concentration of phosphocreatine in the muscle, a 
situation which is strikingly similar to that found in iodoacetate- 
poisoned animals in anaerobiosis by Lundsgaard. Lundsgaard 
postulated that in the presence of oxygen the phosphocreatine 
would be restored to normal by oxidative resynthesis, and Bang 
(6) and Bugnard (18) also assumed that this mechanism is utilized 
during aerobic muscular activity when lactic acid is not being 
formed. However, in our experiments, although it might be 
considered that the cessation of the breakdown of glycogen is due 
to the rapid attainment of an adequate supply of oxygen, this 
supply is still inadequate for the resynthesis of phosphocreatine. 

Comparisons of the concentration of adenosinetriphosphate and 
hexosemonophosphate content of the muscle at various times of 
exercise and subsequent rest also appear to indicate that these 
substances are mainly involved in early phases of work and par- 
ticipate but little in continued work in the steady state. 

Since continued aerobic muscular activity does not involve 
further change in the concentrations of the substances studied, it 
is concluded that other unknown substances must then be in- 
volved as sources of energy. These may exist either in the muscle 
or may be brought there by the blood. 


SUMMARY 


Analysis of rat muscle with its blood supply intact and contract- 
ing at the rate of three times each second, at varying intervals of 
continuous work and rest, indicated that the following changes 
occur. During the Ist minute of work there is a rapid accumula- 
tion of compounds in the muscle which are associated with anaero- 
bic processes. The content of glycogen, phosphocreatine, and 
adenosinetriphosphate decreases rapidly and there is a rapid 
increase of lactic acid, inorganic phosphate, and hexosemono- 
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phosphate. The subsequent changes that occur with continued 
work, rest, or rest followed by additional work are such that it 
appears that each of these chemical processes is in part independ- 
ent of the other, and is little involved in the maintenance of 
continuous work. The postulation that muscle working in a 
steady state derives its energy directly from substances other 
than these appears necessary. 
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Much has become known during the past few years with regard 
to the function of compounds closely related in chemical structure 
to cholesterol; 7.e., bile acids, sex hormones, and vitamin D. In 
contrast, very little is known of the metabolic activity of choles- 
terol itself. It would appear reasonable that a substance which 
is found in appreciable quantities in every animal tissue might 
have a specific function. 

This paper reports the production of a severe anemia with splenic 
enlargement in the guinea pig as a result of prolonged feeding of 
diets rich in cholesterol. This animal was used in the hope that 
the study of a species which we might expect to be especially 
sensitive to the effects of dietary cholesterol would give some evi- 
dence as to the mechanism of its functioning in the animal organ- 
ism. Although guinea pigs are herbivorous animals and _ their 
usual diet does not contain cholesterol, there is evidence that 
cholesterol plays a part in their metabolic processes. 

Guinea pig tissues normally contain approximately the same 
concentration of cholesterol as those of rats. Moreover, unlike 
rats, but like human beings, these animals have gallbladders. 
Again, guinea pigs, also like human beings, require preformed 
vitamin C in the diet and this requirement has been reported to 
be associated with susceptibility to atherosclerosis (1). We make 
no assumption that the data here presented are directly applicable 
to interpretation of the human metabolic picture. The peculiar 
history of the cholesterol-fed animals offers at least a suggestion 
of the nature of the effect of variation in the cholesterol-lecithin 
content of blood and tissues on cell stability. 
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EXPERIMENTAL 


Because the guinea pigs for this study became available in com- 
paratively small numbers at any one time, the data represent a 
summation of findings from the study of a series of small groups 
of cholesterol-fed and control animals rather than the results of a 
study of a single control and a single experimental group. 

Series | and 2 were composed of guinea pigs purchased from a 
dealer. Subsequent series were from our own laboratory stock. 
Controls were litter mates where possible in the later series. Two 
additional series were not reported because of differences in age 
and size, rather than because of any essential difference in behavior. 

Diets—Comparatively little information was available on satis- 
factory synthetic diets for the guinea pig. For the purpose of the 
experiment it was desirable that the diet be adequate and capable 
of exact repetition rather than that each constituent be purified. 
Moreover, fat had to be fed in sufficient amount to facilitate choles- 
terol absorption. After a series of preliminary trials, it was found 
that with appropriate vitamin supplements the following was 
reasonably satisfactory for the guinea pigs which had attained a 
weight of approximately 300 gm., and quite satisfactory for guinea 
pigs weighing 350 to 400 gm.: raw casein 20 parts, fat (partially 
hydrogenated cottonseed oil, Primex) 15, corn-starch (raw) 46, 
Osborne-Mendel salts (2) 4, yeast (dry brewers’) 10, regenerated 
cellulose or alcohol-extracted bran 5. This was the control diet. 
When cholesterol was given, 1 gm. was dissolved in each 15 gm. of 
melted fat and thoroughly mixed into the diet, making a propor- 
tion of 1 gm. of cholesterol to 100 gm. of total food. 

Vitamin supplements were given by pipette. Carotene dis- 
solved in coconut oil and mixed with a cottonseed oil solution of 
viosterol was used to supply a daily dose of approximately 75 1.v. 
of vitamin A and 12 1.v. of vitamin D in every case. 3 cc. of 
orange juice were given each animal daily. This was assayed by 
titration and enough additional ascorbic acid added to bring the 
total daily dose to 3 mg. except in the case of Series 2 in which the 
dose was adjusted to 30 mg. per day. Series 4 received 10 mg. of 
choline per day with the vitamin supplements. 

Growth and Behavior—Ordinarily the guinea pigs did not eat 
the experimental diet readily until after about a week. We found 
that they made better progress when a little whole wheat or wheat 
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germ was mixed with the new diet for the first few days. The 
time on the diet as given in Table I was computed from the day 
the synthetie diet was first offered. 

After 4 or 5 weeks on the cholesterol diet, the guinea pigs usually 
ceased to gain weight. Their muscles became noticeably flabby 
and there was lack of subcutaneous fat. Their abdomens became 
enlarged, and it was possible to note that the livers were also 


TABLE 


Weight and Blood Count Comparisons in Guinea Pigs on a Normal Diet 
(Controls) and Animals Made Anemic by Cholesterol Feeding 


ed White 


No. of Days Ter- R 
per per gm. od 
am. | am. | om. | | om. | | See | | Mow. 
weight weight 
Series | 
Normal | 3. 53 | 403 539 '20.9 3.8 0.7 0.13 
3 9 61 283 | 432 |15.6 3.6: 0.8 0.18 
Anemic | 530 | 422: 474 (40.5 8.5 8.0 1.7 
39 61 | 205: 315 | 36.0 11.1; 7.0: 2.2 
Series 2 
Normal 4 9 60 230; 450 (13.5 2.9| 0.8 0.17) 11.7}; 8.1} 12.1 
Anemic 7 & 60 200 334 | 35.1 10.8 7.0: 2.0 §.6: 2.7 | 18.5 
Series 3 | 
Normal 2 9 60 290 415 | 3.3; 0.17} 12.8 4.8 | 11.8 
Anemic 4 & 60 | 238 | 3 | 31.8 10.5 6.9, 2.2 6.7 2.5 5.6 
Series 4 
Normal | ico 77 | 442 460 0.8 0.12: 12.2 8.2 7.4 
39 | 77 | 383 | 68 2.9 0.8 0.18 16.3 5:1; 7.2 
Anemic | | 77 | 43; S41 11.06 6.4 1.2: 6.0, 3.7: 15:0 
22 77 | 346 419 | 48.7, 11.4 11.0 2.6) §.8 2.0 


* \MIeasurements made at the time the animals were killed. 


enlarged. The white guinea pigs from the cholesterol-fed group 
showed noticeably less pink color in their ears as the experiment 
progressed. Controls continued to grow and presented a normal 
healthy appearance throughout the time of study. 

Autopsy of the first series of animals showed that the cholesterol- 
fed guinea pigs had fatty livers of approximately twice the weight 
of those of the controls and spleens approximately 10 times normal 
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weight. The color of their blood was paler than that of the con- 
trols and its coagulation time seemed to be increased. Blood 
counts on later series of animals showed that at about the time 
the animals on the cholesterol diet began to lose weight there was 
a rapid decline in the number of their red blood cells. 


Methods 


The methods of investigation were the usual ones. Red and 
white cell counts were made with counting chambers calibrated by 
the United States Bureau of Standards. Slides prepared with 
Wright’s stain served for microscopic examination and differential 
counts. Fragility tests were made by measuring the hemolysis in 
a series of concentrations of NaCl (3). Hemoglobin was estimated 
with a Bausch and Lomb colorimeter equipped with a New- 
comer disk. 

At the end of the period of observation the animals were killed 
by decapitation. Whole organs were dissected out as quickly as 
possible and weighed. Samples were then taken for histological 
examination and others cut up finely with scissors ard weighed 
for moisture determinations and lipid) analyses respectively. 
When pooled samples were used, care was taken to secure thorough 
mixing of the samples before weighing. The methods used for 
lipid analyses have already been described (4, 5). 

Samples for histological study were placed in formalin solution. 
Later, both frozen and celloidin sections were made and studied. 

The data are summarized in Tables I and II. Fig. 1 shows the 
red cell count for the animals of Series 4. 


Microscopic Examination of Tissues 


We have included in this paper only the brief summary of the 
histological findings necessary to show the relationship which was 
observed between structural changes and changes in the lipid 
content of the tissues. Red cell counts were made at uniform and 
frequent intervals only for the later series of animals. Hence, it 
was impossible to correlate all our findings in one composite curve. 
The animals in Series 4 (Fig. 1) were a little older and heavier 
than those in the preceding groups. Onset of anemia in this group 
was consequently somewhat delayed. In every other respect, 
however, the picture presented by this series was like that of the 
preceding one. 
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Blood—One very interesting characteristic of the anemia was 
the rapidity of onset. It was not unusual for the erythrocyte 
count of the cholesterol-fed animal to drop from 5.2 to 3.0 millions 
within 10 days. Nucleated red cells appeared at or just before the 
time of the rapid drop in total red cells. 

Leucocyte counts usually remained at or near the control level 
for at least 10 days following the drop in erythrocyte count. The 
guinea pigs often appeared too toxie to survive during this period, 
but the actual mortality was less than 10 per cent. About 10 days 
after the sharp fallin total red cell count most animals showed signs 
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Fic. 1. Mean erythrocyte variation in guinea pigs (Series 4). Curve N 
represents the controls, fed a normal diet; Curve A, anemic animals, fed 
cholesterol. Like symbols represent counts for individual guinea pigs. 


of adjustment. The fur became smoother, the animals more alert. 
A considerable number of guinea pigs survived for from 2 to 3 
weeks after the red cell count reached 3 millions. Erythrocyte 
counts remained relatively constant at this second stage, but 
there was a progressive increase in number of nucleated red cells. 
Stained slides showed a great diversity in the size of the red cells, 
some of which appeared to be undergoing decomposition. After 
a period of time which varied with the individual animal, however, 
the leucocyte count usually increased sharply. This came to be 
regarded as a danger signal, since several animals kept beyond this 
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stage were found dead in their cages shortly after the high white 
cell count was observed. Autopsy showed the picture typical of 
the animals killed at this stage; 7.e., enlarged livers and spleens but 
no evidence of bacterial infection. Data from animals found dead 
were not included in the tables because of the possibilities of tissue 
decomposition post mortem. 

In the very anemic animals the size of some of the red cells was 
larger than normal. ‘This fact, as well as the presence of nucleated 
cells, suggested that the difficulty lay in the formation and destruc- 
tion of red cells rather than of hemoglobin. In most of the choles- 
terol-fed animals hemolysis began in 0.56 to 0.50 per cent NaCl 
and was completed only in 0.32 to 0.30 per cent NaCl. For 
control animals the range was from 0.46 to 0.36 per cent NaCl. 
Some of the blood cells in the cholesterol-fed animals seemed to be, 
therefore, especially resistant to hemolysis in spite of the presence 
of others which were more fragile than normal; 7.e., presumably 
necrotic. 

Spleen —The outstanding characteristic of the enlarged spleens 
seen in the cholesterol-fed animals was an engorgement with all 
types of blood cells; nucleated red cells in numbers which sug- 
gested that the spleen might be engaged in red cell formation, as 
well as masses of cells apparently in process of dissolution. Sec- 
tions examined under a low power objective showed the extent 
of this infiltration clearly, in contrast with the sections from the 
spleens of the control animals. Frozen sections stained with 
Sudan III showed very little fat except when there was gross evi- 
dence of necrosis. Large necrotic areas, which were sometimes 
found after the white cell count had increased, seemed to have 
resulted immediately from thromboses. 

Liver—The livers of the cholesterol-fed animals were uniformly 
fatty and enlarged. They were whitish rather than brownish 
yellow in color. Gallbladders were occasionally full of slightly 
cloudy fluid but there were never concretions of any size nor was 
the bile deeper than normal in color. 

Sections of liver from animals fed cholesterol for 2 to 3 weeks 
showed deposits of quite large globules of material staining with 
Sudan III, but little apparent change in the liver cells themselves. 
This was much like the picture we had previously observed in the 
rat. Later on, however, there was unmistakable evidence of 
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injury to the liver cells and sometimes grossly necrotic areas in 
the livers of the guinea pigs. ‘The latter were never found until 
several weeks after severe anemia had been present. 

Bone Marrow—The bone marrow in the cholesterol-fed animals 
was hyperplastic. The celloidin sections showed few spaces for 
fat globules and a greater proportion of cells representing the early 
stages of erythrocyte formation than did the marrow from control 
animals. But the picture suggested rather the inadequate re- 
sponse of a primary anemia than the greater activity character- 
istic of an anemia caused by uncomplicated hemorrhage. The 
possibility that the fat-loaded liver cells may have failed to furnish 
some substance essential to the normal formation of erythrocytes 
cannot be ignored. This would, however, explain neither the 
rapid destruction of red cells nor the gross splenic enlargement in 
the cholesterol-fed animals. 


Chemical Analysis of Tissues 


Figures for lipid analyses are summarized in Table II. Data 
are reported only for animals which lived through the entire experi- 
mental period. Dietary supplements have already been reported. 
While Series 2 received 30 mg. of ascorbic acid daily instead of the 
3 mg. supplied the others, and Series 4 had a 10 mg. daily dose of 
choline given in addition to the vitamin supplements, the effect 
of these dietary changes on the tissue composition of the choles- 
terol-fed animals was so nearly negligible that the figures are 
reported together. Control and experimental animals within indi- 
vidual series should, however, be used for comparisons. The 
findings were entirely consistent with those from two other series 
which received 3 mg. of ascorbic acid and no choline and which are 
not reported because of differences in the size and age of the 
animals. In order to save time, and in some cases to make tissue 
available for both chemical and histological study, pooled samples 
were used for analyses of part of the tissues. Hence statistical 
comparison of these data is not possible. 

Blood Lipids—The animals were killed 14 to 18 hours after their 
last access to food. The digestive tracts were not entirely empty 
in all cases; hence some of the variations in the blood picture 
may be accounted for by differences in the state of absorption. 
However, all samples showed a consistently greater increase in 
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free than in esterified cholesterol in the blood of the cholesterol-fed 
animals. Likewise while the percentage of blood lecithin was 
increased in the cholesterol-fed animals, this increase did not keep 
pace with that of free cholesterol. Hence, there was in the choles- 
terol-fed animals a decreased lecithin to cholesterol ratio as well 
as an increased destruction of the less resistant cellular elements 
in the blood; 2.e., the erythrocytes. 

Spleen Lipids—In the spleens of the cholesterol-fed animals 
there was a slight decrease in percentage of lecithin coupled with 
a consistent decrease in the percentage of total fatty acid. There 
was also an increase in percentage of free cholesterol which was 
greatest in the spleens which showed gross necrosis. The end- 
result was a decrease in the value of the average lecithin to choles- 
terol ratio from 4.6 to 3.1. This was accompanied by a consider- 
able amount of cell degeneration within the tissue, in spite of the 
enlargement of the organ as a whole. 

Liver Lipids ~The lipids of the guinea pig livers differed from 
those of the livers of cholesterol-fed rats in that the elevation of 
the total cholesterol was not quite so great as we might have 
expected from the content of total fatty acid. There was a con- 
sistent decrease in the liver lecithin of the guinea pigs as computed 
on the basis of per cent moist weight. This meant a distinct 
lowering of the value for the ratio, lecithin to free cholesterol. 
The mean for the controls was 10.8 and that of the cholesterol-fed 
animals 3.2. Computed on a neutral fat- and cholesterol ester-free 
basis, the difference in percentage of lecithin in the livers of the 
two groups was practically negligible but the difference in free 
cholesterol became exaggerated. When individual tissues were 
analyzed, there was a positive correlation between depression of 
the lecithin to free cholesterol ratio and degree of liver injury. 

We have, therefore, in the guinea pig liver a tissue in which 
cellular destruction is definitely taking place, and in which it 1s pos- 
sible to demonstrate a variation from the normal in both concen- 
tration of free cholesterol and ratio of lecithin to free cholesterol. 
In the liver of the cholesterol-fed rat, esterification of the choles- 
terol is more nearly complete, and there is little increase in per- 
centage of free cholesterol or decrease in percentage of lecithin. 


Likewise, in the rat fed cholesterol there is little actual injury of 


liver cells and almost no demonstrable pathology resulting from 
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changes in the lipids of tissues other than liver. This is probably 
to be taken as evidence that, in the liver at least, the ability of an 
animal to esterify and so hold inert large quantities of cholesterol 
is a defense mechanism. 

Heart, Muscle, Adrenals, Lung, and Kidneys--Heart tissue 
showed the same variation; 7.e., a lecithin to free cholesterol ratio 
of approximately 10 for the control and 6 for the cholesterol-fed 
animals. The differences in lecithin values between the two 
groups were consistent but nevertheless probably within the limits 
of experimental error for the method. Here the histological pic- 
ture was somewhat obscure. There was no clear evidence of 
cellular breakdown but rather a picture of poor nutrition.  Per- 
haps this may be correlated with the fact that the actual concen- 
trations of lipid in this tissue are so low as to produce a less marked 
effect in the short time of the duration of the experiment. 

Analyses of skeletal muscle showed an increase of 0.09 to 0.15 
per cent in free cholesterol but practically no esterified cholesterol, 
even in the cholesterol-fed animals. The percentage of lecithin 
decreased very slightly in cholesterol-fed animals. We did not 
make a chemical study of the bone marrow, and our data for the 
lecithin content of lungs and adrenals are incomplete. 

The cholesterol content of adrenals was very nearly the same 
in the control and in the experimental animals. Fatty acid dif- 
ferences were probably to be accounted for by differences in the 
state of nutrition of the guinea pigs. Dissections were necessarily 
made roughly and quickly. While elimination of all adherent 
abdominal fat cannot be assumed, control studies have demon- 
strated that this fat is practically cholesterol- and lecithin-free 
and therefore negligible in computation of ratios between these 
substances. 

Lung tissue showed an increase in percentage of ester cholesterol] 
which was proportionately greater than that in the blood of the 
cholesterol-fed animals. Free cholesterol was increased in about 
the same proportion as In liver tissue. It is difficult to judge 
whether this indicates functional activity in the esterification of 
cholesterol or mechanical accumulation in the capillaries. The 
kidneys, surprisingly enough, showed practically no differences in 
free or ester cholesterol or lecithin content between control and 
experimental animals. 
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DISCUSSION 


These data indicate in the main that the chief changes in tissue 
produced by feeding cholesterol to guinea pigs are to be found in 
the organs which have to do most with production or destruction of 
red blood cells. The picture is one of liver enlargement, failure 
of the liver to esterify and hold back extra cholesterol. This 
free cholesterol presumably exerts a surface tension effect on the 
cell walls which ts not balanced by increased lecithin concentration. 
Destruction of the non-nucleated and vulnerable red blood cells 
follows. Next there is hyperplasia of the bone marrow and 
extreme enlargement of an organ concerned in salvage of hemo- 
globin and probably, as an emergency measure, in formation of 
red cells; z.e., the spleen. Finally there is injury to the liver cells 
and necrosis of the spleen. 

Bloor et al. (6) have postulated that the phospholipid content of 
a tissue is a function of its physiological activity. They have 
suggested that the increased free cholesterol content of a growing 
tissue may likewise be an indication of increased activity. 
Yasuda (7) in Bloor’s laboratory has found that in malignant 
tumors both lecithin and free cholesterol are present in higher 
concentration than in tumors of a benign type. 

We have here a story of forced increase in the cholesterol con- 
tent of a series of tissues, unaccompanied by increased lecithin 
production, and there is every indication that cellular breakdown 
is a consequence. Further study will be required to decide 
whether the free cholesterol has a physicochemical effect on the 
cell walls which, when appropriately balanced by that of the 
lecithin, results in cell growth and otherwise produces cell destruc- 
tion. Certainly the data indicate that while esterified cholesterol 
is to be regarded as physiologically comparatively innocuous, 
cholesterol in a free state must have a very definite effect on cell 
structure and on the capacity of the cell to take up nutrient sub- 
stances from water solution. 


SUMMARY 


1 per cent cholesterol fed to guinea pigs with a synthetic diet 
adequate for normal controls first produced enormous and fatty 
livers. After about 5 weeks of cholesterol feeding the animals 
became seriously anemic. Red cell counts sometimes fell 2 to 3 
millions within 2 or 3 weeks. Splenic enlargement took place 
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rapidly, and within 7 to 9 weeks spleens were usually 10 times 
normal size. Nucleated red cells appeared at about the time the 
total red cell count dropped. Blood slides also showed cells in 
the process of breakdown. 

Analyses of tissues of guinea pigs killed after 7 to 9 weeks on the 
cholesterol diet showed an increased free cholesterol content of 
liver, spleen, heart, lungs, and blood. Ester cholesterol increases 
in liver were proportionately less and free cholesterol increases 
proportionately greater than in rats. There was also much more 
evidence of migration of cholesterol into tissues other than liver 
than in the rat. Lecithin values in the tissues when computed on 
the basis of moist weight were lower in cholesterol-fed than in 
control animals. Histological examination showed fatty infiltra- 
tion and cellular destruction in the liver. There was engorgement 
with cellular débris and even gross necrosis in the spleen. 

The net effect of these changes was a decrease in the value of the 
lecithin to free cholesterol ratio in the blood and in the tissues in 
which cellular destruction has been demonstrated. The possible 
significance of this finding in connection with the functioning of 
cholesterol in metabolism is discussed. 
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THE METABOLISM OF INORGANIC PHOSPHORUS OF 
RAT BONES AND TEETH AS INDICATED BY 
THE RADIOACTIVE ISOTOPE 


By MARIAN LeFEVRE MANLY anno WILLIAM F. BALE 


(From the Departments of Biochemistry and Medicine (Radiology), School of 
Medicine and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, March 24, 1939) 


Quantitative data on radioactive phosphate deposition and turn- 
over in normal animals are valuable because of the following uses: 
(1) as evidence for the mechanism and rates of normal calcification, 
(2) as a standard for comparison with variations produced by 
pregnancy, rickets, or diet, and (3) as an indication of the thera- 
peutic possibilities of the B-ray emission of the isotope, based on 
information concerning its distribution in the animal. 

By means of the radioactive isotope, the deposition of phos- 
phate has been measured in the bones of the rat (2-4, 8), chick (5), 
and rabbit (7) and in the teeth of the rat (3, 8,9), cat, and man (8). 
Most of the reported studies have been made on few animals, 
however, and no distinction has been made between the organic 
and inorganic portions of the calcified tissues. For these reasons 
the following experiments have been designed to determine the 
phosphorus turnover in the znorganic portion of calcified rat tissues, 
with an accompanying measurement of the turnover in the blood. 


Procedure 


Radioactive PO, was prepared by dissolving phosphorus 
containing the radioactive isotope in aqua regia and adding 
NagCO; until the solution gave a pH of approximately 7, corre- 
sponding to NagHPOs,. 

Animals-—Twenty-six male albino rats, weighing from 110 to 
155 gm., and two rats, weighing approximately 200 gm., were used. 
The average daily phosphorus intake of each rat was approxi- 
mately 120 mg. In addition each rat was given by stomach tube 
a single dose of NagHPO, prepared as above and equivalent to 
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4 to 9 mg. of total phosphorus. A single dose before administra- 
tion gave from 40,000 to 75,000 counts per minute on our scale-of- 
four Geiger-Miller counters (1). 

Samples—-At various times after the feeding, as indicated in 
the figures, the animals were sacrificed by decapitation and the 
blood collected in 0.2 ec. of saturated sodium citrate solution and 
weighed. The blood was then dried on a hot-plate, ashed in an 
oven at 500° overnight, and dissolved in concentrated HNQOs and 
HCl. The bones and teeth were removed from the animals and 
extracted in boiling 3 per cent KOH in ethylene glycol for 13 hours 
(6); they were then washed in boiling distilled water, dried at 
105°, cooled in a desiccator, and weighed. 

The rat incisors were divided into three parts and for each 
animal the four tips were pooled, likewise the four middle portions, 
and the four roots. The epiphyses and diaphyses of the long bones 
were treated separately. The extracted samples were dissolved 
in dilute HCI, the volume made to 2 ce., and the activity deter- 
mined with a Geiger-Miiller counter (1). Phosphorus was deter- 
mined in duplicate according to the method of Holtz (10). 

Two possible sources of error must be recognized. (1) Organic 
phosphorus may be adsorbed by the inorganic residue during 
glycol extraction. Studies made in this laboratory show that, 
when large amounts of phosphate marked with the radioactive 
isotope are present in the extraction medium, small portions are 
adsorbed by the inorganic salts. In this study the proportion of 
organic to inorganic tissue is small and the adsorption from the 
extracting fluid should be negligible. (2) In the tooth experi- 
ments the possibility of adsorption of the radioactive phosphorus 
from the saliva has yet to be excluded. 


Results 


To allow for the small differences in body weight of the rats, all 
the results were multiplied by the body weight and divided by 
130 gm. (the approximate average of the group). Hence the data 
are expressed as percentage of the dose per 130 gm. of rat per gm. 
of inorganic tissue, except for blood which is reported per gm. of 
whole blood. <A control rat given no radioactive phosphorus 
showed no radioactivity in the bones or teeth. 

Blood——The radioactive phosphorus in the blood (Fig. 1) reaches 
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a maximum of 0.24 per cent in 12 hours, decreases slowly to about 
one-third its maximum value in 5 days, and shows only one-twen- 
tieth of that amount in 13 to 20 days. It should be noted that the 
rise in marked phosphorus is not accompanied by a rise in total 
blood phosphorus (Table I). The average total blood phosphorus 
of eight rats fed NasHPO, containing radioactive phosphorus 
was 46.5 mg. per 100 gm. of whole blood, while that of three con- 
trol rats given no phosphate was 45.4 mg. Thus, the phosphate 
dose is small enough so that blood phosphates are not increased 
by its administration. 


TABLE | 
Total Blood Phosphorus 


Fed rats Control rats 
P per 100 gm. blood a P per 100 gm. blood 

mq. Ars, mg. 
31.1 48.4 
44.9 
44.7 g 46.2 
49.8 41.6 
14.7 12 
42.8 12 
48.0 
65.8 1s 

Average 46.5 45.4 

es deviation 6.1 2.5 
% deviation 13.0 5.5 


Bones There is a rapid deposition of inorganic salts in the 
long bones, the marked phosphorus value reaching 6 per cent per 
gem. of inorganic tissue in 4 hours, increasing to 9 per cent in 2 days, 
and then falling to and maintaining a level of 5 per cent even at 
20 days. There is more than twice as much marked phosphorus 
per gm. of inorganic tissue in the epiphyses as in the diaphyses 
of the long bones at the end of the Ist day following administra- 
tion (Fig. 2). This extends and confirms the work of Hahn, 
Hevesy, and Lundsgaard (7) who found nearly twice as much 
marked phosphorus per gm. of total phosphorus in the femur 
heads (containing epiphyseal bone) as in the tibias of a treated 
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rabbit. ‘lhe values increase for both portions up to 7 days. 
From the 7th to the 13th day, although some of the marked 
phosphorus has moved out of the epiphyses and the value for the 
whole bone has decreased, values for the diaphyses remain nearly 
the same. 

The phosphorus turnover may be expressed numerically. If 
we assume approximately 18 per cent phosphorus in the inorganic 
portion of the bones, with a dose containing 8 mg. of phosphorus, 
9 per cent of the dose or 0.4 per cent of the total phosphorus in the 
bone is marked at the end of the Ist day (Fig. 1). After 2 to 4 
days the phosphorus begins to move out of the epiphyses, while 
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Fic. 2. Retention of marked phosphorus (fed as Na,HPO,) by epiphyses 
and diaphyses of the long bones per gm. of inorganic tissue. The figure 
above each column is the number of rats represented by the average. 


the values for the diaphyses increase. There is a net loss of 
marked phosphorus from the whole long bones during this time 
of 0.07 per cent of the total phosphorus in the bone per day; 
from the 7th to the 21st day the net loss is 0.003 per cent of the 
total phosphorus per day. Since large amounts of the phosphorus 
at the end of this period are in the diaphyses (Fig. 2), the loss from 
this part of the bones must be very slow. 

Incisors——-The incisors show from 2.0 to 3.5 per cent of the 
marked phosphorus in 4 hours. This amount is doubled in 2 days, 
and continues thereafter to increase slowly to about 8 per cent at 
20 days. When divided into the three pooled samples, the incisors 
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show increasing amounts of the marked phosphorus from the tip 
to the root at each time period (Fig. 3). Thus the phosphorus 
deposition in the inorganic portion of the incisor follows the total 
marked phosphorus present in the whole specimen shown by 
Hevesy (8). The tips contain measurable amounts of marked 
phosphorus (0.32 per cent) even at 4 hours, showing deposition in 
a portion of the tooth partly outside the range of the pulp. The 
continuous movement of marked phosphorus caused by the ex- 
trusive growth of the incisors is shown by Fig. 3. The partition 
of the marked phosphorus in the incisor clearly shows the effect of 
growth. Thus, at the end of 1 day 3.3 per cent of the marked 
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Fic. 3. Retention of marked phosphorus (fed as Na,HPQO,) by the tip, 
middle, and root portions of the incisors per gm. of inorganic tissue. The 
figure above each column is the number of rats represented by the average. 


phosphorus per gm. of inorganic tissue is in the tips, 20.7 per cent 
in the middle portions, and 76.0 per cent in the roots; while at 20 
days the corresponding values are 14.6, 39.9, and 45.5 per cent. 
Marked phosphorus values increase for both tips and middle 
portions from 1 to 20 days, while the root values decrease after 13 
days. From the total phosphorus content of the incisor, it may be 
calculated that the deposition of the marked phosphorus during 
the Ist day amounts to 0.2 per cent of the total phosphorus present. 

Molars—About 1 per cent of the dose is found in the molars 
after 4 hours; the value reaches a maximum in about 12 hours, 
remains approximately constant for 2 days, and then decreases 
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very slowly (Fig. 1). Even at the end of 20 days approximately 
two-thirds of the maximum amount of marked phosphorus is still 
present in the molars. The rate of deposition of marked phos- 
phorus during the Ist day is 0.07 per cent of the total phosphorus 
present, or about one-third that of the incisor. 

The skeleton, if the long bones can be taken as representative of 
it, takes up about 40 per cent of the administered dose, the incisors 
about 2 per cent, and the molars about 0.2 per cent. 


DISCUSSION 


Concerning the phosphorus turnover in the inorganic portion 
of the bones and teeth, the following points are to be noted. 

1. An immediate and rapid deposition of blood phosphorus 
takes place in the bones (Fig. 1). That this deposition is most 
rapid in the spongy parts of the bone is indicated by the high values 
for epiphyses shown in Fig. 2. After 5 days, however, the blood 
values sink to negligible amounts (Fig. 1), while the bone values 
decrease to 5 per cent and remain there. Fig. 2 shows that by this 
time much of the marked phosphorus is in the diaphyses, where it 
is less readily removed by the blood. Calculation of the ratios 
between blood and bone and between blood and molars for each 
rat gives figures after 13 days which are about one-tenth of those 
before 5 days. Thus it seems that the marked phosphorus is 
incorporated into the calcified tissue and then protected from 
surface interchange by further calcification. 

2. The incisors take up and store relatively large amounts of 
phosphorus. It is first concentrated in the incisor pulps, as shown 
by the average value (0.39 per cent of the dose per gm. of wet 
pulp) obtained from three sets of four pulps each, taken during the 
first 10 hours following administration. The average of ten blood 
values during that same period is 0.16 per cent per gm. of whole 
blood. As expected, the continuously growing incisors show a 
rapid uptake of the marked phosphorus during the first 24 hours. 
However, after 5 days, even though the blood falls to low values, 
the incisor values show not only a maintenance of their acquired 
phosphorus but a continued rise. This indicates (1) that large 
amounts of phosphorus (perhaps from the bone reservoir) are 
being used to build the ever growing incisor roots and (2) that the 
marked phosphorus already present in the incisors is moving, 
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because of the tooth growth, toward the middle and tip portions, 
where it is relatively unavailable (compare diaphyseal values). 

3. In contrast to the incisors, where there is evidence only of 
phosphorus deposition, the molars show a small but measurable 
turnover. Maturation of tooth tissues involving the deposition 
of inorganic salts in the tooth has long been known. ‘The present 
findings, however, are evidence of a metabolic exchange in the 
tooth tissue. From Fig. 1 it should be noted that the maximum 
values for the molars are reached in 10 hours simultaneously with 
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Fig. 4. Retention of marked phosphorus (injected as phospholipid) by 
the epiphyses and diaphyses of the long bones (fore legs only) per gm. of 
inorganic tissue. The figure above each column is the number of rats 
represented by the average. 


the blood phosphorus maximum, but unlike the incisors they 
slowly lose a small proportion of their acquired phosphorus as the 
blood values decrease. 

4. An emulsion of radioactive phospholipid obtained from the 
livers of rats previously fed radioactive NaeHPO, was injected 
into the femoral veins of five rats. The marked phosphorus 
deposition in the fore legs is shown in Figs. 1 and 4. As a result 
of the phospholipid injections, the epiphyses of the bones have 
about twice as much marked phosphorus as the diaphyses at 2 
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hours and about 1.4 times as much at 72 hours. Hydrolysis of 
the phospholipid is required if it is to furnish PO, ions for bone 
salt formation. ‘The fact that the values at 4 hours for the in- 
jected and the fed rats are the same (Fig. 1) indicates that phos- 
pholipid hydrolysis is about as rapid as phosphate absorption. 


SUMMARY 


The percentage of marked phosphorus has been determined in 
the inorganic portion of the bones and teeth of rats from 4 hours to 
20 days after the feeding of a single dose of NasHPO, containing 
radioactive phosphorus. 

1. A rapid deposition of blood phosphorus takes place in the 
bones. ‘The epiphyses acquire about twice as much of the marked 
phosphorus per gm. of inorganic tissue as the diaphyses in the Ist 
day, but the diaphyses show the greater retention of acquired 
phosphorus after the marked phosphorus in the blood has fallen 
to negligible amounts. 

2. When the radioactive phosphorus is injected as phospholipid 
instead of being fed as NagHPO,, the results differ: the bones ac- 
quire similar amounts of the marked phosphorus during the first 
8 hours, but approximately twice as much by 30 hours. The 
phosphate deposition suggests a marked hydrolysis of injected 
phospholipid by the animal, which occurs no more rapidly than 
phosphate absorption. 

3. The incisors show increasing amounts of marked phosphorus 
from tip through the middle and root portions; the relative quanti- 
ties in the three parts change as the marked phosphorus moves 
toward the tip owing to the extrusive growth of the tooth. The 
incisors as a whole continue to increase in marked phosphorus 
throughout the experimental period, indicating that the high root 
values are due not to replacement but to incorporation of the 
marked phosphorus in new calcified tissue. 

4. A slow but measurable turnover of phosphorus takes place 
in the inorganic portion of the molars. 
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THE SOLUBILITY OF CRYSTALLINE PEPSIN 


I. ANOMALOUS DEPENDENCE OF SOLUBILITY ON THE 
SOLID TO SOLVENT RATIO* 


By JACINTO STEINHARDTT 
(From the Department of Physical Chemistry, Harvard Medical School, Boston) 


(Received for publication, February 14, 1939) 


Studies on a number of crystalline proteins —egg albumin (25), 
carboxyhemoglobin (26), lactoglobulin (24), and chymotrypsin 
(18)—-have established that a close approach to a simple phase 
rule solubility (almost if not quite independent of the quantity of 
crystals equilibrated with a given volume of solvent) is often 
found with these substances. In a number of other cases the most 
unexceptionable data (25, 2) have shown a considerable deviation 
from this simple behavior. It has commonly been proposed that 
such anomalous solubility is evidence of contamination by im- 
purities, or more generally, of the existence of the solid phase as a 
multicomponent saturating body, even when distinguished by a 
perfectly regular crystalline appearance (25, 2, 18). Proof or 
disproof of such complexity would bear not only on the frequent 
departure from simple solubility behavior, and on the consequent 
interpretation of the crystalline state for these large molecules; 
it would also have first order consequences for the use of solubility 
as a means of characterizing proteins and establishing their purity, 
and for the practical possibility of calculating from solubility 
measurements the effect of other dissolved substances on their 
activity coefficients in solution (5, 9). 

The erystalline enzymes are well suited for studies of protein 
solubility directed toward these ends because their easily measured 
catalytic activity is probably a highly specific analytical measure 


* Part of the material included in this paper was presented at the meet- 
ing of the American Society of Biological Chemists at Baltimore, April 1, 
1938, and at a symposium on proteins at Cold Spring Harbor in July, 1938. 

t Fellow of the Rockefeller Foundation. 
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of the extent to which one molecular species dissolves. They thus 
possess an important advantage over proteins the solubility of 
which has been previously studied by the determination of such 
ambiguous analytical quantities as dissolved nitrogen, which do 
not realily permit experimental distinction between the dissolu- 
tion in varying degrees of the components of a complex solid 
phase. The simultaneous measurement of activity with a number 
of the other less specific methods of determination offers the pos- 
sibility of detecting the occurrence of fractionation or of changes 
in the effective saturating body which may accompany the increase 
in apparent solubility when the quantity of crystals in a given 
volume of solvent is increased. Thus, if the only cause of this 
rise is the presence of impurities in the solid phase the rise in 
dissolved nitrogen should not be paralleled by a rise in catalytic 
activity, unless interaction between protein and impurity occurs. 
In its absence the dissolved activity should remain fixed at a value 
corresponding to the actual solubility of the enzyme, and the addi- 
tion of excess crystals beyond the amount which dissolves com- 
pletely and suffices to saturate the solution with the main bulk 
component will only result in a reduction of the specific catalytic 
activity of the dissolved material. 

The use of an enzyme also decreases the possibility of obtaining 
solubility anomalies which are due to undetected decomposition, 
or other chemical change of the saturating body. Another 
advantage is the possibility of measuring the large specific effects 
on solubility produced by such substances as urea and other 
amides (27, 16, 29), as well as the less specific solubility effects 
produced by raising the dielectric constant of the medium by 
the addition of amino acids and peptides. Solubility measure- 
ments based on nitrogen determinations or dry weights are neces- 
sarily attended by lowered accuracy in the presence of these 
substances. 

Among the crystalline enzymes, pepsin is particularly suited 
for studies of this kind. Although measurements must be made 
in fairly acid solutions the isoelectric point is at pH 2.8 (20)'—the 


1 Evidence has recently been presented (31) to show that sufficiently 
purified pepsin migrates anodically in solutions at this pH, and even at pH 
1.08, the most acid solution studied. The present crystals show shallow 


solubility minima in the neighborhood of pH 2.8. If pure pepsin is not an 
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enzyme was sufficiently stable at this acidity when equilibrations 
with solvent were carried out at 5°. At pH 5.3, its point of max- 
imum stability in 0.1 mM salt solutions at 25°, the estimated half 
period for its destruction is about 8 years (28). The decomposi- 
tion in more acid solutions proceeds at a rate which is directly 
proportional to the hydrogen ion concentration, and the tempera- 
ture coefficient in these solutions is moderately large (7). At the 
temperature and pH of the present experiments the rate of destruc- 
tion is probably not more than 10 times as fast as at the stability 
maximum at 25°. This estimate is borne out by tests of the ac- 
tivity of diluted filtrates, stored at pH 3.3, which showed no loss in 
activity in over 3 weeks at 5°— considerably longer than the usual 
eombined times of equilibration and storage before analysis.” 

This paper describes measurements of the apparent isoelectric 
solubility of crystalline pepsin, carried out in dilute hydrochloric 
acid solutions (0.002 mM) to which had been added various concen- 
trations of KCI, over a range of combined ionic strengths of from 
0.002 to 0.10. 


EXPERIMENTAL 


Pepsin Crystals were prepared from five lots of Parke, Davis 
(1:10,000) and one lot of Cudahy’s (“‘soluble, spongy,’ 1: 10,000) 
swine pepsin. When not otherwise stated crystallization was 
carried out three or four times by a method essentially Philpot’s 
(22). Since the solubilities depended in large part on the source of 
the crude pepsin and the method of crystallization, care was 
taken to crystallize different lots of Parke, Davis pepsin by identi- 
eal procedure, and at approximately the same temperature (23°). 
In recrystallizing, 5 ec. of dilute acetate buffer were used per gm. 
of crystals instead of the 10 times more concentrated buffer em- 
ployed by Philpot. A final residue of about 1 per cent of the 
original cake was discarded. 1 ec. of 0.5 m HeSO, was added 


ampholyte, the pH at which the solubility is measured is practically im- 
material, provided the acid concentration is not high, and buffers are 
avoided. 

?’'The possibility that an initial rapid self-limiting inactivation of part 
of sep. occurs has not been excluded. If this kind of instability 
exists, it does not alter the conclusions as to the stability of solid and dis- 
solved phases for the purpose of these experiments. 
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gradually for every 24 cc. of buffer. The addition of acid caused 
a local precipitate which stirring redissolved. With the full 
addition of acid the solution became permanently opalescent; any 
further addition of acid at this point would cause permanent 
precipitation. As crystallization proceeds, the initial single crys- 
tals tend to stick together; they are smaller than in the first 
crystallization and come out much more rapidly; crystallization 
is complete in a little over a day. The pH of the mother liquor is 
near 3.7. The yield is about half, but addition of about 40 per 
cent more acid to the mother liquor causes further crystallization. 
This second crop is distinctly different in solubility and composi- 
tion from the first crop and was not combined with it. After 
washing, a third crystallization was carried out by a repetition of 
the procedure used in the second. The resulting crystals (Pepsin 
5) have reproducible properties, and a comparatively low solu- 
bility. 

Crystals were prepared from Cudahy’s pepsin by a number of 
different modifications of the procedure used with Parke, Davis 
material. When not further characterized (Pepsin 2), there was 
but one difference in procedure: The MgSO, precipitate was 
treated with a portion of dilute acetate buffer insufficient to dis- 
solve all of it. The residue was dissolved in a second portion, 
containing about one-ninth of the total amount of buffer required; 
it comprised approximately 22 per cent of the moist MgSO, 
precipitate, but its contribution to the total moist crystal cake 
yielded by the separate portions was 44 per cent. Crystallization 
was much more rapid than in the usual procedure. The second 
and third erystallizations presented no unusual features other 
than the practical absence of an insoluble residue when the first 
erystal cake was redissolved. Crystals obtained from the most 
readily soluble part of the MgSO, precipitate comprise Pepsin 3. 
In the third reerystallization a more soluble fraction was obtained 
by adding more acid to the mother liquor (Pepsin 1). 

Solvents—-All the solvents contained 0.002 m HCl and KCl 
recrystallized from conductivity water, in amounts to give total 
ionic strengths of 0.002, 0.015, 0.03, 0.05, and 0.10. They were 
made up volumetrically in conductivity water, and stored in 
Pyrex glass. The acid keeps the solutions at or near the isoelectric 
point; it is especially useful in the preliminary washing of crystals 
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deposited in the more alkaline mother liquors. Buffers were 
avoided for reasons previously reported (29). 

Solubility Determinations-- Between 2 and 12 gm. of filter cake 
were washed for 30 minutes on Jena No. 4 sintered glass filters 
with three successive portions of solvent. Each portion usually 
contained between 10 and 20 ce. of solvent per gm. of filter cake, 
but under conditions of maximum solubility this proportion was 
somewhat reduced. Although the pH of the mother liquor was 
usually 3.7, measurements of pH and conductivity showed that 
the third wash filtrate was almost always very close to the pH 
and conductivity of the solvent itself, and practically identical in 
these respects with subsequent filtrates. 

The washed crystals were transferred together with solvent 
(most often 150, 200, or 225 ec.) to the doubly capped solubility 
bottles of 250 cc. capacity described by Ferry, Cohn, and Newman 
(8). The bottles were slowly rotated in a 5° thermostat, as 


described by these authors, and filtered under positive pressure’ 


through sintered glass filters of No. 4 porosity, while still immersed 
inthe thermostat. The first 10 to 20 ec. of filtrate were discarded 
to avoid the effects of adsorption of protein on the filter. As 
much solution as possible was removed in each filtration before 
another portion of solvent was added to the residual erystals. 
Several filtrates were always obtained from the same crystals by 
continuing successive equilibrations until the crystals were com- 
pletely or at least largely dissolved. Up to sixteen suecessive 
equilibrations have been carried out on the same batch of erystals 
over periods extending up to 9 months. Each equilibration 
usually occupied from 1 to 3 weeks. Tests showed that much 
shorter periods (as little as 2 hours) sufficed for the attainment of 
equilibrium with ordinary stirring and a large excess of crystals. 
With the slightly less effective stirring in these bottles and with 
small excesses of crystals a period of | or 2 days appeared to 
suffice. 

The ratio of crystal mass to volume of solvent was varied widely 
in different experiments. The quantity of solid employed was 
variously estimated: In some cases direct determinations were 
made of the amount of material suspended plus the amount dis- 
solved, by the several methods of analysis described below. More 
often the total amount present initially was computed by adding 
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together the amounts dissolved in each of a number of equilibra- 
tions which finally sufficed for complete dissolution. In other 
cases this sum included analysis of an undissolved residue sus- 
pended in the last solvent portion; usually this residue was a small 
fraction of the amount present initially. The accuracy and equiv- 
alence of these two methods of computation were repeatedly 
demonstrated. 

All solutions were stored at 3-5° until analyzed. Aliquots for 
measurements of tyrosine equivalence were stored after 7- to 
10-fold dilution with water, and those for activity measurements 
were stored after dilution (between 5- and 200-fold) with 0.0005 
M HCI. Precipitation of protein in the aliquots for measurements 
of non-protein nitrogen and tyrosine was carried out immediately, 
and the solutions filtered the following day. 


Methods 


Protein Precipitation — Protein and non-protein were distinguish- 
ed by precipitating the protein in acid solutions containing salt, 
after denaturation by alkali (20). 25 ec. aliquots stood for 5 to 10 
minutes with 10 cc. of 0.2 mM NaOH before the addition of 10 ec. of 
0.2 mM HCl, and 45 ec. of a solution containing 71 gm. of NaeSO, 
and 10 ec. of 0.5 Mm HeSO, per liter. Use of larger quantities of 
base (and acid) or of a larger ratio of the sodium sulfate reagent 
to the remaining solution did not materially affect the proportion 
of nitrogen not precipitated. In several series parallel precipita- 
tions by heating to 80° for 10 minutes with 2 volumes of 0.226 mM 
trichloroacetic acid (or 10 volumes of 0.15 m trichloroacetic acid), 
followed by rapid cooling to 5°, gave practically the same degree of 
separation. Neither of these methods is entirely specific; the 
separation into protein and non-protein, although reproducible, 
is somewhat arbitrary, and results in ambiguities discussed in the 
text. 

Nitrogen-—In the earlier experiments, total nitrogen was deter- 
mined by Kjeldahl analysis of aliquots containing 2 to 5 mg. of N. 
In later work, a slight modification of the rapid and convenient 
Nessler method of Koch and Mc Meekin (17) gave equally accurate 
results with much smaller aliquots (0.2 to 0.5 mg. of N). The 
sulfuric acid digest (0.5 cc.) was treated with 2 drops of superoxol, 
reheated, washed into a 50 cc. volumetric flask with 20 ec. of water, 
and cooled to 5°; after 15 ec. of Nessler’s reagent were added, it 
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was made up to volume with water and compared colorimetrically 
with standards of approximately the same concentration. Use of 
a brilliant light source, and of a No. 47A Wratten filter (3 inch 
circle in B glass), in the eyepiece of the colorimeter, permitted a 
reproducibility of about 1 per cent. Tests showed that corrections 
for blanks were negligible. 

Determinations of non-protein nitrogen were less accurate. 
With Kjeldahl analysis of portions of the non-protein filtrates 
described above (25 ec., corresponding to less than 9 ce. of the 
original filtrate), some preparations gave results barely greater 
than the uncertainty of the blank due to the reagents and sodium 
sulfate. Larger aliquots were impracticable because the blank 
increased with the size of the portion. The Nessler method on 
8 to 10 ec. aliquots gave more reliable résults. The most satis- 
factory accuracy was obtained by adding a solution containing 
0.06 mg. of N to each aliquot. The comparison standard con- 
tained 0.09 mg. of N and the sodium sulfate reagent. Control 
measurements showed that it was necessary to subtract an addi- 
tional 0.02 mg. of N as a digestion blank (thus, 0.08 mg. in all). 
This blank depended on the digestion reagents, and is the source of 
most of the residual uncertainty (0.003 mg. of N per ee. of the 
original aliquot) in the non-protein nitrogen figure. In earlier 
work, when no nitrogen was added to the aliquots and they were 
compared against more dilute standards, the densities were diffi- 
cult to read, and a colorimeter correction for lack of strict pro- 
portionality between color and concentration was calculated from 
the readings given by the standards against one another. This 
method was less accurate, but gave comparable results. The 
residual uncertainty represents a substantial pereentage of the 
non-protein nitrogen when it is small, but it is usually a small 
fraction of the figures for total or protein nitrogen. 

Protein nitrogen was determined by difference. Its accuracy 
is highest when the solubility is high, since the residual uncer- 
tainty in non-protein nitrogen which limits its precision (1 to 
9 per cent) is practically independent of the solubility, or of the 
proportion of non-protein nitrogen. 

Tyrosine Equivalence-—This quantity is defined as the amount of 
tyrosine which gives the same amount of color with Folin’s phenol 
reagent (10) as a unit of dissolved protein, under comparable 
conditions of test. It is not synonymous with the tyrosine or 
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tyrosine-tryptophane content of the protein, since the color given 
by the unhydrolyzed protein is always smaller than the amount 
given by its hydrolysate (13). The ratio between these quantities 
depends on the conditions of the test even when development of 
color in the standard (tyrosine) and in the sample (protein) pro- 
ceeds under precisely comparable conditions with respect to tem- 
peratures, pH, and salt concentration. For convenience in plot- 
ting, tyrosine equivalence is conventionally expressed in_ this 
paper as an equivalent quantity of nitrogen, by use of Herriott’s 
factor for pepsin (1 mg. of apparent protein tyrosine = 1.96 mg. 
of protein nitrogen), although as will appear presently, this factor 
not only varies with the conditions of test, but also from one 
preparation to another. 

Method I is as follows: To aliquots of 1 to 5 ec., diluted to 23 
ec., were added 1 ec. of 3.75 mM NaOH and, after 10 minutes, 1 ee. 
of Folin’s reagent. The standard contained 0.15 mg. of tyrosine 
and 0.75 mm of H2SO, from the tyrosine stock solution, neutralized 
by base, whenever practicable, just before the test. Colorimeter 
readings with a No. 70 Wratten filter inserted in the eyepiece were 
taken after 35 to 45 minutes at 23-25°; at this time color develop- 
ment is at a maximum before appreciable fading sets in. 

An alternative method (No. I1) of carrying out the determina- 
tion consisted of reversing the order in which the NaOH and the 
Folin reagent were added to the diluted sample. Although the 
final pH (about 12.8) is the same, the procedures differ in that 
in Method I the protein is exposed for 10 minutes to a higher pH 
(about 13.2) before the acid Folin reagent is added. The exposure 
to a higher base concentration increases the color-developing 
capacity of the protein by about 33 per cent. Use of higher base 
concentrations or of longer times produces no further increase in 
color. The change brought about by exposure of the protein to 
high base concentrations probably indicates a definite chemical 
change carried to completion.’ 

The tyrosine equivalence of the non-protein moiety was deter- 
mined on 8 or 9 ec. of non-protein filtrate, with a more dilute 


’ When pepsin solutions are brought to pH 12.5, sulfide ion is split out 
and can be detected by the odor'‘of H.S when these solutions are acidified. 
The acid limit of the reaction has not been investigated nor has it been 
proved that it is connected with the definite increase in reducing capacity 
in this pH region. Sulfide ion itself reacts with the tyrosine reagent. In 
these alkaline solutions the pepsin molecule is dissociated (22). 
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standard which contained a quantity of sulfate corresponding to 
that in the sample. Protein tyrosine equivalence was taken as the 
difference between the total and non-protein figures. Its usual 
reproducibility is about 3 per cent. 

For non-protein determinations, the order in which the reagents 
are added is without effect on the color developed, possibly because 
the filtrate has already been exposed to base (at pH 12.5 or higher) 
in the denaturation process preceding the precipitation of the 
protein. For this reason the ratio of protein tyrosine equivalence 
obtained by the two methods cannot be stated with high precision. 
The difference given above (33 per cent) is based on solutions 
containing the smallest amounts of non-protein material. Varia- 
tions from this value in other cases are not great. 

In expressing the non-protein figure as an equivalent quantity 
of nitrogen in Tables I to III, it is arbitrarily assumed that the 
ratio of tyrosine to nitrogen in this fraction is the same as in pepsin 
(4) and that the tyrosine and tryptophane produce their full color 
equivalence; 7.e., 1 mg. of non-protein tyrosine = 1.25 mg. of 
non-protein N. The extent to which these assumptions are valid 
is shown by the fair agreement between these figures and direct 
determinations of non-protein nitrogen. 

Proteolytic Actinty-—Three different dilutions of every filtrate 
over a 4-fold range were tested for activity by the slight modifica- 
tion of the hemoglobin method of Anson and Mirsky previously 
described (28). Duplicate determinations usually agreed within 
1 per cent, and different dilutions gave results which agreed within 
3 per cent if the colorimeter scale readings lay in the range 10 to 35. 
The enzyme concentrations were calculated according to the 
relation, FE = k (Tyr)!-*6, in which E is expressed in mg. of protein 
nitrogen per ec., (Tyr) in mg. of tyrosine in 3 ec. of digestion 
filtrate, and k has the value 18.2. Measurement by this method 
of the activity of solutions of Northrop’s pepsin containing known 
amounts of protein nitrogen and catalytic activity showed that 
this value of k is equivalent to a specific activity in Northrop’s 
units between 0.25 and 0.26, approaching the highest figure for 
pepsin obtained in the Princeton laboratory.* Use of this conven- 


‘The author is greatly indebted to Dr. J. H. Northrop of The Rocke- 
feller Institute for Medical Research for an analyzed sample of erystalline 
pepsin dissolved in glycerol, and to Dr. R. M. Herriott for a repetition of 
the analysis on return of the sample to the Princeton laboratory. 
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tional value for k permits the expression of activity as an equiva- 
lent concentration of protein nitrogen for convenience in plotting. 
Comparison of these figures for each filtrate with protein nitrogen 
determined directly shows the purity of the protein, relative to 
Northrop’s sample. 

pH Measurement —Clark rocking electrode vessels and a 0.1 Mm 
calomel cell, connected with a saturated KCl bridge, were em- 
ployed, at temperatures between 22° and 26°. All filtrates gave 
values between pH 2.73 and 2.82, according to the concentration 
of salt. Standardization of the pH scale was carried out with 
0.1 m HC! (23). Thanks are due to Mrs. Muriel Blanchard for 
making the measurements. 


Results of Measurements 


Crystals were equilibrated repeatedly with successive portions 
of the same solvent. After a few preliminary washings with small 
portions, each succeeding filtrate was analyzed for total and non- 
protein nitrogen, total and non-protein tyrosine equivalence, and 
proteolytic activity. The original object of this procedure was to 
determine when washing had been sufficient by the attainment of a 
constant solubility in successive portions and by the disappearance 
of the non-protein nitrogen assumed to have been carried over 
from the mother liquor. It soon appeared that although the pH 
and conductivity of successive filtrates reached practically con- 
stant values after three preliminary washings, the solubility of the 
protein dropped continuously, apparently without limit. At the 
same time, the proportion of non-protein material fell only slightly 
and then persisted at a fairly high level. Full details of three 
typical series of equilibrations illustrating these statements are 
given in Table [. 

Seven entirely similar sets of data are given in Table II in more 
condensed form. Still others are condensed in, Table III. As 
Tables I to III show, the decline in solubility and the persistence of 
the non-protein nitrogen have continued in as many as sixteen 
successive equilibrations, and in series in which the suspended 
erystals have been reduced to less than one-tenth of their initial 
quantity. In earlier experiments reported elsewhere (28) com- 
parable results have been obtained with as many as thirty succes- 
sive equilibrations. Entirely similar results have been obtained 
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by the author with certain of the solvents used by Northrop 
acetate buffers at pH 4.6 containing 0.5 m MgSO, (20). 

As already described, the stability of pepsin under the conditions 
of these measurements is such as to render it improbable that the 
non-protein nitrogen arises from protein decomposing during the 
course of the equilibrations, unless avery rapid self-limiting de- 
composition of a small part of the active protein is held aecount- 
able. The non-protein material, the presence of which is also 
shown by ultracentrifugal sedimentation velocity diagrams (22, 
29) persists in the later filtrates, after removal of its more soluble 
part, in amounts of between 3 and 25 per cent of the total nitrogen. 
The following may also be cited against its progressive formation 
during the course of the solubility measurements. (a) It increases 
only very slowly in the cold and may be only a few per cent higher 
after several weeks than it was after an hour of stirring; (6) when 
decomposition occurs, as in prolonged equilibrations at tempera- 
tures higher than 5°, there is a loss of activity with little or no 
increase in non-protein nitrogen, and the specifie activity therefore 
falls (compare Table II, Series F and I); (c) the proportion of 
non-protein to total nitrogen is roughly characteristic of individual 
pepsin preparations. Comparison of the total activity and total 
protein nitrogen of a quantity of pepsin dissolved at one time in 
one portion of solvent with the same figures determined on an 
identical quantity dissolved in successive portions over a period of 
6 to 9 months also shows that there is very little decomposition in 
the solid phase (see ‘Solubility determinations”). This favorable 
stability may be due in part to the acidity of the solutions which 
retarded the growth of bacteria and molds. 

The decline in solubility in successive equilibrations is obviously 
another aspect of the dependence of solubility on the solid to 
solvent ratio reported by Sorensen for other crystalline proteins 
(25, 26). However, the method of varying this ratio by gradual 
dissolution of the solid in successive portions of solvent revealed 
a number of regularities not immediately apparent in the other 
kind of experiment. For convenience in description, the data of 
different series are divided into Tables I and II on the one hand, 
and Table III on the other, according to whether or not they 
illustrate the most striking of these regularities. In every series 
of Tables I and II, obtained by equilibrations of the crystalline 
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TABLE II 
Additional Regular Series 
All analytical quantities are expressed as mg. of N per ce., asin Table I, 
For conciseness, certain analytical data are omitted. 


Protein 


Non-protein 
N tyrosine* 


Volume Protein N Activity 


Series D. Pepsin 2-3 (Cudahy) in 0.002 m HC! + 0.098 mM KCI. 87.3% of 
initial 201 mg. N dissolved 


per cent of 


ce. mg. per cc. mg. per ce. mg. N per ce. mg. N per cc. ieeaal 

225 0.278 0 O15 0.272 0.306 110.0 

450F 0.017 0.176 0.198 

675 0.133 0.130 0.131 98.5 

9CO OSS4 0 O10 0 OSS 0.0896 101.3 
1125 0.0648 0.009 0 066 0.0553 


i 


Series .. Pepsin 6-6 (Parke, Davis) in 0.002 m HC! + 0.098 mM KCI. 86.6% 
of initial 195 mg. N dissolved 


200 
400 
600 
800 | 


0.224 


0.200 


0.132 


0.050 
0.033 
0.026 
0.015 


Q . 264 
0). 246 
Q . 204 
0.138 


0.228 
0.214 
0.153 
0.108 


101.9 


76.4 
81.5 


Series F. Pepsin 5-2 (Parke, Davis) in 0.002 m HCI + 0.048 m KCl. 


Approximately 80% of initial 380 mg. N dissolved 


200 
400 
600 
825 

1200t 

1625t 
1850+ 
2075t 

23004 

2525+ 

2750 

2075 

3200 

3425 


0.118 
0.126 
0.109 
Q.112 
0.0856 
0.0702 
0.0697 
0.0663 
0) 0586 
0) 0601 


Q 0422 
0.0347 


0.055 
0.028 
0.024 
0.010 
0.0120 
0.0157 
0 0069 
0.0069 
0 0058 
0.0120 


0.0137 
0.0125 


0.140 
0.135 
0.142 
0.117 
0 .OSYS 
0 
0.0698 
Q .0645 
0.0595 


0.0428 
0) 0452 


0.0467 


0.123 
0.134 
0.118 
0.111 
0.0934 
0.0801 
0.0750 
0.0568 
0.0577 


0.0492 
0.0421 


0.0376 


104.0 
106.2 
108 .0 
99.0 
109.0 
114.0 
107.8 
85.8 
YS 3 


108 4 


Series G. Pepsin 5-6 (Parke, Davis) in 0.002 m HCl + 0.048 mM KCI. 82.5% 


0.119 

0 .O988 
0 .O829 
0.0607 


0.03558 


0.020 

0 0272 
0.0136 
0.0172 


0 .OO82 


148 


0). 1258 
0.1021 
0.0835 
0.0679 
0.0396 


of initial 110 mg. N dissolved 


0.104 

0.0951 
0.0780 
0.0625 


0.0392 


109.7 


87.3 
96.3 
94.2 
103.0 


| 

| 

200 
400 
| 
|| 


TABLE I|I1-—Concluded 


Protein 


Non-protein 
N tyrosine* 


Activity 


Volume Protein N 


Series H. Pepsin 5-2 (Parke, Davis) in 0.002 mM HCI + 0.028mM KCI. 78.8% 
of initial 282 mg. N dissolved 


per cent of 


cc. mg. per cc. mg. per cc. mg. N per cc. mg. N per ce. oaomal 
200 0.0896 0.0460 0.0985 0.0838 93.4 
425 0.0796 0.0213 0.0982 0.0895 112.3 
650 t 0.0960 0.0229 0.0815 0.0946 98.7 
875 0.0768 0.0100 0.0725 0.0854 111.0 
1100+ 0.0743 0 0082 0.0730 0.0710 95.6 
1325+ 0.0757 0.0058 0.0688 0.0682 90.2 
1550 0.0651 0.0129 0.0575 0.0674 103.2 
1775 0.0521 0.0591 
2000 0.0576 0.0645 
2225 0.0555 0.0179 0.0432 0.0504 OO 8 
2450 0.0526 0.0150 
2675 0.0179 0.0459 0.0417 


Series I. Pepsin 


150 
300 
600 
750 
900 


1050 


1200 
1350 


0.0627 


0.0569 
0.0593 
0.0449 
0.0431 
0.0414 


0.0390 


5-6 (Parke, Davis) in 0.002 m HCl. 


mg. N dissolved 


0.0232 
0.0108 
0.0111 
0 0097 
0 
0.0026 
0.0070 
0.0076 
0.0072 


0.0636 
0.0599 
0.0553 
0.0535 
0.0394 
0.0366 


0.0362 
0.0334 


0.0594 
0.0527 
0.0480 
0.0444 
0.0394 
0.0378 


0.0385 
0.0386 


50.6% of initial 152.9 


99 


Series J. Pepsin (Cudahy) in 0.002 mM HCl. 60.5% of initial 149 
mg. N dissolved 


220 
445 
670T 
895 
1120 
1345 
1570 


0.1133 
0.0710 
0564 


0.0203 


0.0071 
0 0054 
0.0137 


0.0107 
0 .O110 


* Obtained by Method I. 
t Long equilibrations, with brief exposures to temperatures over 5° 
before final period at this temperature. 
t Suspension of crystals divided unequally between two equal volumes 
which were equilibrated simultaneously. 
§ These high activities may be due to overestimation of non-protein N. 


0.1121 
0.0723 
0.0518 
0) .0362 
0 0289 
0.0272 
0.0185 


0.1021 


0.0729 
0.0640 
0.0382 
0.0288 
0.0255 
0.0171 


90.0 


102.6 
113.6§ 


125.68 


| 

| ; 
| 

q 

94.6 

92.7 

| 80.9 

O89 

2 

91.2 

91.4 

; 
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TaBLeE III 
Series Containing Irregularities 
All analytical quantities are expressed as mg. of N per ce., asin Table I. 
For conciseness, certain analytical data are omitted, as are several short 
series Which are mentioned in the text. 


Non or Protein Activity 


Voh > j J 
olume Protein N tyrosine® 


Series K. Pepsin 3 (Cudahy) in 0.002 HC] + 0.0098 mM KCL. 94.0% of 
initial 590 mg. N dissolved 


per cent of 


ce. mg. per cc, mg. per ce. mg. N per ce. mg. N per ce. eftaetratit? 
225 0.328 QO.114 0.324 0.283 
450 0.283 0.039 0.281 0.274 47 0 
675t 0.282 0.021 0.350 0.274 O74 
GOO 0.265 0.013 208 0.256 96.7 
1125 0). 259 O19 257 0.237 O16 
1350t 228 0.011 270 0.234 102.8 
1575f 0.178 0 008 0.230 0.182 102.1 
1800 0 006 185 0.157 
2025F 0.149 0.010 QO. 161 0.163 102.9 
2250 0.125 O11 0.136 0.108 


Series L. 


200 0.029 0 480 0.446 

400 458 0.015 0.452 0.410 SY.6 
600 0.401 0.037 392 0.378 94.1] 
8O0 0.359 0.026 416 0.342 95.3 


Series M. Pepsin 5-1 (Parke, Davis) in same solvent as Series kK. 95.0% 


Pepsin 1 (Cudahy) in same solvent as Series k. 
451.2 mg. N dissolved : 


of initial 234.0 mg. N dissolved 


78.60) of initial 


98 .2 


115 0.158 0 069 0.131 0.180 114.0 
290 0.152 () O28 QO. 154 0.165 108.8 
470 0.138 0) .022 0.164 111.1 
670 0.141 0.020 0.140 0.165 110.1 
853 0.132 0 O14 Q 128 0.130 OS 4 
1053 114 O14 Q.117 0.117 102.6 
1253 O162 OS21 0.0720 102.5 

1453 0.0686 
1653 0435 0 0095 0.0441 0.0387 SSS 

1707 0.0368 
0.0242 0 0056 0 0226 0.0244 100.9 


1907 
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TaBLeE III—Concluded 


Activity 


Non-protein Protein 
Volume Protein N < 


tyrosine*® 


Series N. Pepsin 4-6 (Parke, Davis) in 0.002 m HC] + 0.098 mM KCI. 38.5% 
of initial 400 mg. N dissolved 


per cent of 


cc. mg. per cc. mg. per cc. mg. N per ce. mg. N per ce. sail 
220 0.195 0.055 0.196 0.166 85.3 
440 0.034 0.204 0.191 
660 [SO 0.182 0.153 85.1 


Series O. Pepsin 5-6 (Parke, Davis) in 0.002 Mm HC] + 0.048 Mm KCI. 82.5% 
of initial 109.7 mg. N dissolved 


200 0.119 0 O12 0.126 0.104 87.4 


400 0 OUSS .O192 0. 102 0.0953 96.5 
600 O829 0 0056 O835 0.0782 94.4 
SOO Ft 0) 0607 0.0002 0.0679 0.0627 103.2 
1000 0 OO82 0.0396 0.0392 109.3 


* Obtained by Method I. 

t Long equilibrations, with brief exposures to temperatures over 5°, 
before final period at this temperature. 

t HCI concentration halved in these portions. 


residue with equal portions of solvent (a necessary condition), 
the amount of pepsin dissolved by each portion ts a constant fraction 
of the amount dissolved in the immediately preceding portion. 

This geometric decline in solubility was almost always related 
to the initial quantity of solid and to the initial solubility in such a 
way as to make the solubility in each portion proportional to the 
undissolved residue remaining from preceding portions. At first 
sight this appears to imply a linear dependence of solubility on the 
amount of saturating body, as found with the serum globulins 
(19, 25). Such a linear dependence is not found when the initial 
amounts of saturating body are varied; indeed with the quantities 
in the series of Tables I to III, there is very little increase in the 
amount dissolved in the first portion of each series with even 2- 
or 3-fold increases in the mass of crystals employed. This close 
reproducibility of the initial solubility extends to the initial 
portions in duplicate series on different pepsin preparations, 
provided both batches have been purified, crystallized, and washed by 
exactly the same procedure. 
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It has already been shown that this anomalous decline cannot 
be readily explained by inadequate washing. Failure of the crys- 
tals to come into equilibrium with the solvent with respect to 
salt or hydrogen ion concentration would be manifested as a 
gradual drift of the conductivity and pH of successive filtrates 


5x Crystallized Cudahy Pepsin 


002 HC! +. OS8KCI 


Log Solubility= Log 


4 


200 600 1000 1400 
Volume (c.c)=Z av 


Fic. 1. The logarithmic fall in solubility of crystalline swine pepsin 
(Cudahy) in successive equilibrations with constant size portions of sol- 
vent. Results with two solvents are shown (Table II, Series D and J). 
The nitrogen data refer to total nitrogen. The activity data are given in 
their equivalents of protein nitrogen on the arbitrary convention that the 
specific activity of the pepsin is 0.255 in Northrop’s units, but have been 
lowered 0.05 units for a clear separation. The vertical broken lines are 
explained in the text (p. 159). 


toward the conductivity and pH of the solvent itself. With the 
occasional exception of the first portion alone, there has been no 
evidence of such a drift in conductivity, and the pH has remained 
fixed at a few hundredths of a unit above that of the pure solvent. 
The experimental fact that the rate of this decline is proportional 
to the solid to solvent ratio, and not to the time in which the crystals 
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remain in contact with the solvent, is against a slow transformation 
of the solid into a less soluble crystalline form. The effects of 
decomposition have already been eliminated. 

Figs. | to 3 are shown as examples of the decline in solubility in 
a number of representative experiments (from Tables I and IT) 
which exhibit the regularities already described. In these figures, 
attention is confined to the figures for activity and nitrogen. The 
logarithm of the solubility in each portion (AS/AV, the amount 
dissolved per unit volume) is plotted against the cumulative 


TABLE IV 


Relation of Slope in Logarithmic Graphs to Initial Quantities of Crystals and 
Limiting Solubilities 


The figures are based on analyses of activity. 
Initial quantity 


Js. Pepsin No | | 
solubility to 
slope 
mg. protein N- mg. protein N 
0.100 2-3. Cudahy II, D 204 197 
5-5. Parke, Davis Il, k 192 142 
0.050 5-2. II, F 292 282 
0.030 5-2. Il, H 364 349 
5-5. 166 162 
0.015 5-4. 136 123 
0.002 2-3. Cudahy 87 .5* 135 
5-6. Parke, Davis Ii, 96 .5* 152 


* The unsatisfactory correspondence between predicted and experi- 
mental values in these salt-free solutions is considered in the text. 


volume (V = LAV). In Fig. 1 two series made with Cudahy 


crystals at two different ionic strengths and with two different 
initial ratios of solid to solvent are compared (Table II, Series D 
and J). It will be observed that the slope is greater in the series 
with the higher initial solubility. This slope would be greater 
still with an initial quantity of crystals as small as in the series 
run at the lower ionic strength, since the linear logarithmic plots 
obey the simple relation, 


I:xtrapolated initial solubility 
2.303 & slope 
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where A is the total initial amount of pepsin in each series. This 
is a necessary condition for the proportionality between solubility 
and residue already described. In Table [V values of A deter- 
mined directly are compared with the values estimated from 
this relation. Close agreement is obtained in all of the solvents 
except those which contain no salt. These exceptions are con- 
sidered elsewhere. 

In Fig. 1, the specific activity of the dissolved enzyme declined 
slightly throughout the series. In most series, however, there is 
practically no decline in specific activity, and the divergence 
between the data for nitrogen and activity is due to a slight 
increase in the percentage of non-protein nitrogen. The exact 
position of the ordinates for the activity measurements depends 
on the choice of a ratio of activity to nitrogen in ideally pure 
pepsin (see Methods’). In plotting, the activity ordinates 
have been consistently displaced downward by 0.05 log units for 
convenient separation of the data for activity and protein nitrogen, 
This displacement corresponds to arbitrarily raising the specifie 
activity in Northrop’s units from 0.255 to 0.285. 

Solubility determinations based on single equilibrations with 
low ratios of solid to solvent volume would clearly lead to very 
arbitrary figures. Thus, Northrop observed (20) that measure- 
ments made under conditions leading to the dissolution of less than 
one-quarter of the material present were more readily reproduced 
than those made on smaller portions of crystals. 

Fig. 2 shows a similar result at another salt concentration with 
crystals prepared from Parke, Davis pepsin (Table If, Series F). 
These measurements extend over a wide range of total volume 
comprising many portions of solvent, and running over a long 
period of time (including interruptions, about 9 months). Here, 
with a larger initial mass of erystals, and a lower solubility, the 
fraction dissolved in each portion is smaller. This results in a 
lower slope. The greater degree of regularity shown by the activ- 
ity data as compared with the nitrogen data is readily apparent, 
especially at the beginning of the series. In common with a num- 
ber of other series, principally with Parke, Davis crystals, in which 
there is a large initial drop in non-protein nitrogen, this set shows a 
single low point for the solubility (as measured by the activity) 
in the first equilibration. 
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In Fig. 3, solubilities (activities only) are given for the same 
Parke, Davis crystals in a number of other solvents. In several 
of the sets the first point is again low, but for the rest of the data 
shown the logarithmic relation holds very well. 

The broken lines show that at both ionic strengths the Cudahy 
crystals are almost twice as soluble as the Parke, Davis crystals. 
Both crude materials are obtained from the stomachs of swine, 


Bx Crystallized Parke, Davis Pepsin 
Broken lines show results with Cudahy 
‘a pepsin at ionic strengths of O14 and 0002 
\ 
\ 
Activities 
| 
5 
3 


002 HC! +.098KC! 


002HC! + 028xKC! 


OOZHC! + O15KCI | 


002 HCI | 


500 4000 1500 
Volume av) 


“15 


Fic. 3. The logarithmic fall in solubility of crystalline swine pepsin 
(Parke, Davis) in successive equilibrations with several different solvents 
(Table I, Series A, B,and C; Table II, Series I). The results with Cudahy’s 
pepsin at two ionic strengths, shown in Fig. 1, are represented by broken 
lines. 


and the specific activities of the crystallized proteins as used in 
the present research are hardly distinguishable from one another.’ 

Empirical Formulation —The results of these experiments imply 
that direct variation of the ratio of saturating body to solvent 
volume in single equilibrations would also produce a wide variation 


*’ However, these nearly identical specific activities have not always been 
obtained (21, 14). 
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in solubility. The quantitative aspects of this variation may be 
predicted only by assuming an adequate mechanism for the varia- 
tion already described, at least to the extent required for formulat- 
ing the variable which governs the decline in solubility. Thus, if 
the logarithmic decline in solubility is formulated in the simple 
form (valid when AV is constant), 


AS 
Amount dissolved per unit volume = Py k’' (A — 8) (1) 


where S is the sum of the amounts dissolved in all the preceding 
portions, and the other symbols have the meanings previously 
assigned, the increase in solubility with increasing amounts of 
saturating body should be strictly linear, approaching no limit 
which is not the case experimentally. This contradiction may 
be resolved by assuming that the constant k’ is composite and 
inversely proportional to A. The resulting equation, 


AS A S 
=ki ——— 2 
AV ( A ) (2) 


describes the logarithmic decline in solubility, without implying a 
linear proportionality of solubility to the initial amount. It 
states that the solubility found in any portion of a series is pro- 
portional to the fraction of the initial amount of solid remaining 
after the last equilibration. 

The adequacy of this purely algebraic subterfuge may be further 
tested by recasting the equation in its integrated form. It should 
then describe not only the way in which the total amount dis- 
solved in a series of equilibrations depends on the cumulative 
volume, but also the results of direct variation of the solid to 
solvent ratio. The integrated equation is 


Sea (3) 


Its application to five sets of experiments with both Parke, Davis 
and Cudahy’s pepsin, in a number of different solvents, is shown 
in Fig. 4. The ordinate scale represents the fraction of the total 
pepsin which has been dissolved; the abscisse of the five series 
have been made comparable by multiplying the cumulative 
volumes of each set by the slopes k/A, estimated from the limiting 
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solubility & and the initial amount A, or taken from graphs such 
as those shown in Figs. 1 to 3. The curve is from Equation 3, 
and the broken straight line represents the course that would be 
taken by the data if the solubility were constant. 
Correspondence of the equation with the data would be even 
better were it not for the low first point found in certain of the 
series. Since sums are involved, an initial low point brings all 
later points below the theoretical curve. Data for several other 
sets would have fitted the theoretical curve with as fair precision. 
This is also true of the results obtained in the alternative 
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§ Material Strength 
Cudahy 002 
10 
25 © Parke Davis 002 
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Kia. 4. The data of five series of experiments, compared with Equation 3. 
The broken straight line shows a constant solubility. 


procedure (direct variation of the amount of saturating body 
in single equilibrations, not included in the tables but plotted in 
Fig. 5). 

The integrated equation is independent of the restriction ap- 
plicable to Equations 1 and 2; namely, that AV must remain 
constant. The reason for this restriction in the differential form 
appears if redifferentiation of Equation 3 is carried out (the por- 
tions are of finite size), 

AS 


Log = Jog k — 0.434 V+ me —-—-AV + ) (4) 
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Here the term in parentheses is constant and without effect on the 
logarithmic decline in solubility only if AV is constant. It is a 
factor by which the limiting solubility, obtained by extrapolation 
of the linear logarithmic relation to V = AV, must be multiplied 
in order to get the limiting solubility in infinitely small portions. 
The position of this limit has been indicated in Figs. 1 to 3 by the 
broken vertical lines. Inspection of Equation 4 shows that the 
ratio of the limiting solubility to 2.803 times the slope (k/A) is 
equal to the initial quantity of pepsin (4), as already noted. 

For the purposes of a more critical comparison with the results 
of direct variation of the solid to solvent ratio, Equation 3 may be 
rewritten in linear form, 


2.303 log(1 — 8s/Z) = —k/Z (5) 


in which the differential notation used in Equations | and 2 in 
order to derive Equation 38 is replaced by Seérensen’s symbols s 
and Z, which represent respectively the amount dissolved and the 
total saturating body per unit volume. They replace S/V and 
A/V of the previous notation, in the special case of single equilibra- 
tions. Expansion in series of the logarithmic term shows that for 
small values of s/Z, Equation 5 approaches a mathematical iden- 
tity this approximation corresponds to the asymptotic approach 
to a limiting solubility when a large excess of crystals is used. A 
proper test of Equation 5 should therefore extend to values of s/Z 
of well over 0.1 and as much higher as possible. The expanded 
equation also shows that the departure from normal solubility 
behavior is proportional to the second and higher terms of such a 
series expansion.® 

In Fig. 5 the data of direct variation of solid to solvent are plotted 
for comparison with this equation. The logarithm of s/Z, the frae- 
tion dissolved, is plotted against the reciprocal of the amount of 
protein present which was varied almost 40-fold. The straight 
line passes through the origin, as Equation 5 requires; thus, the 
origin is an additional point satisfied by the line. Again, the 


§ In conjunction with Equation 2, from which it is derived, Equation 5 
shows that while the solubility in single equilibrations depends greatly on 
the volume of solvent, no rise in solubility is made possible by any reduc- 
tion in volume in consecutive equilibrations. This conclusion is borne out 
by experiment, as certain entries in Tables I and Il attest. 
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broken line shows the course of a solubility independent of the 
amount of saturating body. Over a wide range in s/Z, corres- 
ponding to the wide variation in Z, the fit of the data 1s entirely 
satisfactory. Little weight should be attached to the lowest point 
where nearly all the protein present is dissolved, since a combined 
error of only 2 per cent in the estimations of s and Z would suffice 
to move this point to the line from the position shown. Strict 


OOR 42.15 | Cudahy Pepsin 
(Fraction 3) 
in OO2 HEI + O9BKCI 


Fic. 5. The dependence of the solubility of crystalline Cudahy’s pepsin 
(No. 3), in solutions of ionic strength 0.1, on the solid to solvent ratio. 
The broken curve represents the appearance of a constant solubility on 
these ordinates. The cross in the lower right-hand corner is a reference 
point for calculating the value of s/Z needed to bring the open circle above 
it to the line. 


adherence to the equation would require that an undissolved 
residue should remain no matter how small the quantity of crys- 
tals added to the solvent. With sufficiently small quantities, 
however, water-clear solutions are obtained. It will be shown 
elsewhere that the approximations which enter into a theoretical 
derivation of these empirical equations hold less exactly as s/Z 
approaches unity. 
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According to Equation 5, the slope of the straight line in Fig. 5 
(in natural logarithms) should equal the limiting solubility in the 
presence of an infinitely large excess of crystals. In the present 
ease this yields a limiting solubility of 0.313 mg. of pepsin N per 
ec. The value extrapolated from the data of successive equilibra- 
tions with the same batch of crystals (Table III, Series K) gives 
0.292. Since the data cover a long range, this close agreement 
cannot be ascribed to the limiting mathematical identity at small 
values of s/Z.’ Likewise, it appears that time is not a determining 
factor in the successive equilibrations, although they run over 
very long periods. Neither decomposition nor slow transforma- 
tion to less soluble crystalline forms accounts for the logarithmic 
decline in solubility, since analysis of this decline permits exact 
prediction of the results obtained in single equilibrations with 
different quantities of crystals in much shorter periods of time. 
An extension of this analysis to the results of similar experiments 
with other proteins by other investigators will be presented in 
another communication. The inadequacy of an alternative for- 
mulation based on the assumption that the crystals consist of a 
large number of different pepsins possessing similar properties but 
forming an almost continuous series with respect to solubility 
has been demonstrated elsewhere (30). 

Relation of Other Analytical Quantities to Activity--The fore- 
going description of the regularities shown by successive equilibra- 
tions has been based largely on determinations of activity, assumed 
to be proportional to the amount of enzyme in solution. A com- 
parison with the other analytical quantities in Tables I to III 
has special interest as bearing on the questions of purity and 
constancy of composition of the crystals. Measurements of 
dissolved nitrogen follow the course of the regularities shown by 
activities with only slight modifications. The principal exceptions 
to this regular behavior have already been alluded to, and may be 
explicitly stated here: (a) total nitrogen drops more rapidly than 


7 Data obtained in successive equilibrations with the same lot of crystals 
did not follow Equation 4. The almost equivalent form, Equation 5, which 
describes the corresponding single equilibration data for these crystals, is 
more general, and less subject to discrepancies caused by the presence of 
soluble impurities. Nevertheless, both experimental procedures give the 
same limiting solubility. 
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protein nitrogen at the beginning of many series (in practically 
all those with Parke, Davis crystals, and with one Cudahy fraction 
in Table II]), owing to the presence in the erystals of a substantial 
amount of a soluble form of non-protein nitrogen which is incom- 
pletely removed in the preliminary washings; (b) when decompo- 
sition occurs, as in experiments in which temporary failure of 
temperature regulation occurs, protein nitrogen as well as total 
nitrogen may increase slightly, relative to activity; the latter is 
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4 ® ProteinN 
Activity 
© Tyrosine- Method I 
~Method IT 
500 1000 


Volume (EAV) 

Fic. 6. Comparison of the data for tyrosine equivalence (by Methods I 
and II) with total nitrogen, protein nitrogen, and activity (lowered 0.05 
log unit, for clarity), in a representative series of successive equilibrations 
of Parke, Davis crystals in a solution of 0.015 ionic strength. Two tempo- 
rary exposures to temperatures above 5° account for theslightirregularities 


in the nitrogen data. 


not affected, and has values anticipated from measurements in the 
preceding portions. The first of these characteristic irregularities 
is shown most clearly in Fig. 2, but it is also visible in Fig. 6. The 
second irregularity is shown in Fig. 6, in the third set of points; 
these points represent analyses made after a 6 week equilibration 
in the course of which the temperature twice rose above 5°, for 
a few hours. 

Fig. 6 presents graphically the full analytical data for a single 
representative series, as an example of the degree to which the 
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description of the activity measurements may be applied to the 
serial measurements of other analytical quantities. As the three 
straight lines indicate, there is a close correspondence between 
the course of the measurements of total nitrogen, protein nitrogen, 
and activity; the last two may be considered parallel, within 
experimental error, and with the exceptions already noted. The 
difference between total and protein nitrogen first falls and then 
remains constant, or may even rise slightly. Both the initial fall 
and terminal rise in non-protein nitrogen tend to be present very 
generally; the latter is shown more clearly at the end of series in 
which a larger proportion of the total crystal cake dissolved.® 
The correspondence between nitrogen and activity appears to 
indicate a tendency toward constant composition, though not 
purity; but the data for protein tyrosine equivalence, shown in the 
broken lines in Fig. 6, are incompatible with this simplification. 
These two lines, which run roughly parallel and represent meas- 
urements by two alternative procedures, show a definite trend 
downward, when compared with the data for nitrogen and activity. 
No effort has been made to draw a continuous curve through the 
points representing the tyrosine measurements, but the ratio of 
tyrosine equivalence to nitrogen or to activity is clearly lower in 
the later filtrates than it is in the material first dissolved. For 
the latter, Herriott’s factor of equivalence (1 mg. of tyrosine = 
1.96 mg. of nitrogen) is too high by about 15 per cent, when meas- 
urements are made by Method I; in the last portions the factor is 
too low by about the same proportion. Thus, when all or prac- 
tically all of the protein in a crystal cake is dissolved in a single 
portion of solvent, the factor appears to be approximately valid. 
This downward drift in protein tyrosine equivalence factors is 
entirely characteristic, and is shown, in some degree, by practically 
all sets with crystals prepared from Parke, Davis material (see, for 


* Non-protein nitrogen analyses of residues should give the best indica- 
tion of this terminal rise, but are beset by technical difficulties. The 
residual crystals dissolve completely only in buffers at pH greater than 4. 
Precipitation of protein requires a return to more acid solutions; thus, part 
of the insoluble non-protein material must precipitate also and the non- 
protein figures are anomalously low. This probably explains the low non- 
protein nitrogen found in some residues. Comparison of the ratio of 
activity to total nitrogen in the last solvent portion with the same ratio 
in the residue substantiates this conclusion. 
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example, the calculated ratios in Table I). In the fewer prepara- 
tions of Cudahy’s pepsin which were investigated there was no 
similar drop in this ratio; instead, the initial values are slightly 
lower than the values found in the first filtrates with Parke, Davis 
erystals and correspond fairly closely with Herriott’s factor. 
Iiven after practically complete dissolution, this initial value shows 
no tendency to fall (see, for example, Table IIT, Series IK and L), 
and may even rise slightly. 

The progressive change in this ratio as Parke, Davis crystals are 
dissolved, and the differences shown in this respect by crystals of 
Cudahy’s pepsin, may be due to the presence of traces of protein 
impurity, which differ in tyrosine content and solubility in the 
two types of preparation. There is some indication of this impurity 
in the analytical data of Calvery, Herriott, and Northrop (4). Its 
existence has already been evidenced by the small variations in 
the ratio of activity to protein nitrogen which are characteristic of 
different preparations. Further indications of such impurities 
and the consequences of their presence will be considered in 
another paper presenting the results of fractionation experiments. 

Aberrant Series ~The experiments of Table III, like those of 
Tables I and II, show a continuous decline in solubility by all the 
analytical methods employed. However, in this group of experi- 
ments, this continuous decline is not characterized by the simple 
regularity described in Equations 2 to 4. After an initially small 
decline in solubility, not unlikely to be mistaken for an approach 
to a constant value, the rate of decline becomes increasingly more 
rapid in later portions. When plotted as in the representative 
data from Tables I and II, the resulting curves have a gentle 
slope at first and then turn sharply downward. This behavior is 
an extreme extension of the small initial deviations (the low first 
point) shown by many of the experiments with Parke, Davis 
material, but the sharp decline in solubility sets in with these 
preparations only when a large proportion of the solid has already 
dissolved. 

A second type of abnormality appeared in an otherwise regular 
logarithmic series (Table II, Series J) in which the rate of the de- 
cline was greater than that required by Equation 2. Thus, the 
solubility in the final portion had decreased to one-sixth of its 
initial value, although about 40 per cent of the crystals was still 
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undissolved and their catalytic properties unchanged. The op- 
posite type of discrepancy appeared when Parke, Davis erystals 
were equilibrated in the same solvent (Table II, Series 1). After 
a protracted and regular decline, a limiting value was approached 
before half the erystals had dissolved. These abnormalities 
constitute the exceptions noted in the description of Table IV. 
The close approach to a nearly constant solubility in early solvent 
portions is not correlated with a higher degree of purity in the 
erystals which gave these results. More detailed consideration 
of these exceptional cases will be presented later. 


DISCUSSION 


The earliest work on protein solubility was done at a time when 
the colloid chemical conception of micellar aggregation, as dis- 
tinguished from homogeneous molecular dispersion, had received 
strong support from the ultramicroscopic study of inorganic sols. 
Protein solutions appeared to possess many of the colloidal prop- 
erties of these sols and of other organic systems supposed to be 
like them. At this time the large and definite molecular weights 
of proteins, sufficient to explain their existence in solution as 
homogeneous bodies of micellar proportions, were still unknown. 
Thus, many of the earlier investigators described their observa- 
tions on protein solutions in terms of colloidal conceptions because 
it did not appear reasonable to treat them as homogeneous disper- 
sions, subject to the phase rule. It was natural, therefore, that 
in the first well controlled measurements of protein solubility by 
such investigators as Serensen, Loeb, Landsteiner and Heidel- 
berger, Cohn, and Green attention should be concentrated on the 
opposite conclusion: that proteins possessed a strict physicochemi- 
eal individuality and were subject to familiar physicochemical 
laws. These conclusions conformed more closely with the results 
of their experiments than did the previous conception, even though 
later work has sometimes shown that the materials used by certain 
of these investigators were not homogeneous in any strict sense. 

However, it had been shown by Mellanby in 1905 that the 
solubility of serum globulin was not fixed by the temperature and 
by the composition of the solvent as required by the phase rule 
for a homogeneous substance. An additional specification (the 
ratio of the amount of saturating body to solvent volume) was 
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required there was a practically linear relation between the 
amount of globulin dissolved and the total quantity present. 
Nearly all later work on serum globulins has confirmed the general] 
nature of the results described by Mellanby, which have often 
been cited as an indication of the heterogeneous nature of globulins 
prepared from serum tn the usual way. 

The erystalline proteins have never shown such a practically 
linear dependence of solubility on the ratio of solid to solvent but 
the researches of Sorensen and his collaborators (25, 26) demon- 
strated beyond doubt the existence of a smaller dependence on this 
ratio (and therefore smaller though real departures from phase 
rule behavior), with many of the crystalline protein preparations 
which have hitherto been most studied. ‘Their number comprised, 
among others, such supposedly homogeneous, well characterized 
proteins as crystalline egg albumin and crystalline carboxyhemo- 
globin, though in the latter cases the departures from constancy 
were especially small. When the dependence on the solid to 
solvent ratio was very marked, as in Serensen’s studies on casein 
and the serum proteins, these deviations were shown to be ac- 
companied by the possibility of separation into fractions of widely 
different limiting solubilities and distinguishable chemical com- 
position. 

All efforts to explain these variations have appealed in some 
degree to heterogeneity in the solid phase. Se#rensen generalized 
from the extreme example of the serum globulins, and ascribed all 
solubility anomalies to a heterogeneity inherent in the nature of 
proteins themselves. These were assumed to be composed of an 
undefined number of labile components which associate or dis- 
sociate, according to environmental conditions. In this view the 
saturating body in a solubility experiment maintained its identity 
only in a very loose sense, except when present In very great 
excess. It has never been clearly shown that Serensen’s postu- 
lated correlation between the dissociation tendency and the degree 
of dependence on the solid to solvent ratio can really be made to 
account quantitatively for his excellent experimental data. Bonot, 
in the case of serum albumin, has proposed alternative and more 
definite explanations of the general phenomenon (2), but it is 
possible that Bonot’s more explicit explanation is very similar to 
the phenomenon Sgrensen expressed more vaguely. 
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More recently Bronsted (3) has proposed that definite, measur- 
able solubilities are to be found with high molecular polymers 
only when the solid is a mixture of components of which most are 
insoluble in the solvent chosen. The results of certain protein 
solubility experiments in the literature, especially with prolamins 
such as gliadin and zein (6, 12), closely resemble the solubility 
behavior of high molecular polystyrenes, described by Bronsted 
in support of his views. This theory would contain a sufficient 
explanation of why the apparent solubility of such complex sub- 
stances depends on the quantity of solid present. 

Sorensen’s demonstration of the possibility of fractionating the 
proteins exhibiting the most marked anomalies has been carried 
further by the recent work of Hewitt (15) and of Green (11) on the 
serum proteins. Hewitt’s fractionation of crystalline serum al- 
bumin into a very soluble, amorphous glycoprotein preparation, 
rich in tryptophane and carbohydrate, and a readily crystallizable 
insoluble albumin containing only one tryptophane residue per 
molecule has, by demonstrating the normal syncrystallization of 
widely unlike substances, removed all necessity to explain the 
solubility behavior of the unfractionated protein in terms of a 
single labile complex. It has become apparent that protein 
crystals, in spite of their characteristic appearance and sharply 
defined and regular faces, may sometimes represent mixtures of 
proteins dissimilar in many respects. This inhomogeneity, 
whether brought about by overgrowth or adsorption, or actual 
syncrystallization, may easily lead to deviations from simple 
solubility behavior, especially when solubility is measured by some 
unspecific analytical quantity such as dissolved nitrogen, as has 
been most frequently the case. The present measurements on 
pepsin have shown that the variations remain even when measure- 
ments are made with a highly specific means of determining the 
concentration of a single dissolved species of protein. Thus, 
although a realistic explanation for the anomalous solubility must 
take into account the presence of non-protein or foreign protein 
components of the crystal, one is forced to base any mechanism 
for the variation on a mutual interdependence between the various 
components (protein and “impurities’’) w7thin the erystal rather 
than on their independent equilibria with the dissolved phase. 
A basis for the analysis of this interaction has already been sup- 
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plied by the suggestive form of the empirical equations which 
describe the present experiments, and will be developed further in 
another paper, where it will be shown that these equations and the 
striking differences in solubility between crystals prepared from 
Parke, Davis and Cudahy’s material may be regarded as pre- 
dictable consequences of the synerystallization as a single solid 
phase of the impurities already described together with the active 
protein component. 

Explicit demonstration of this view of the complexity of the 
erystal and of the failure of the components to enter into inde- 
pendent equilibria with the dissolved phase has other consequences 
than the explanation of protein solubility anomalies, and the in- 
formation it gives about the nature of the solid phase. Thus, the 
variations of activity coefficients of proteins on change of medium 
have been obtained from measurements of solubility by the as- 
sumption usual in the thermodynamics of solutions that the 
activity of a saturated solution is constant and independent of the 
medium. As Adair and more recently Ferry, Cohn, and Newman 
have pointed out (1, 9), this procedure involves the assumption 
that the saturating body itself undergoes no alteration by inter- 
action with the solvent. Even when use of a specific analytical 
method permits one to disregard the possibility of extraction of the 
several components to different extents in different solvents, the 
possibility that certain dissolved substances enter both phases and 
alter the solubility by an effect on the cohesive forces of the high 
molecular crystal may still require consideration. 


Thanks are due to Professor Edwin J. Cohn for his helpful 
interest in these experiments, and for generous provision of the 
facilities which made possible this research. The author is also 
indebted to Dr. T. L. MeMeekin for many valuable suggestions 
and practical assistance. 


SUMMARY 


The apparent isoelectric solubility of swine pepsin, even after 
repeated recrystallizations, is determined, in part, by the ratio of 
saturating body to solvent volume. A similar dependence has 
previously been exhibited to a greater or lesser degree by a number 
of other crystalline protein preparations. Measurements. of 
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protein nitrogen, protein tyrosine equivalence, and catalytic 
activity, in successive portions of solvent equilibrated with pepsin 
crystals, show another aspect of this dependence. When equal 
portions of solvent are used, the enzyme dissolved in each is a 
constant fraction of the amount dissolved in the preceding por- 
tions, until both residue and solubility have been reduced to small 
fractions of their initial value. This relation holds at ionic 
strengths between 0.002 and 0.10, and may be described, together 
with the relations shown by direct variation of the ratio of saturat- 
ing body to solvent volume, by a single empirical equation, to be 
given a theoretical foundation elsewhere. Other consequences of 
this equation have been demonstrated and discussed. 

Crystals prepared from different commercial sources, or with 
slight variations in procedure, are characterized by different 
contents of non-protein and protein impurities, and by widely 
varying solubilities. The presence of “protein’’ impurities is 
chiefly shown by variability in the ratio of protein tyrosine equiv- 
alence to protein nitrogen in different preparations or progressively 
throughout a series of equilibrations. 
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THE OPTICAL INVERSION OF THE BENZYL DERIVATIVES 
OF d-CYSTEINE AND ¢d-HOMOCYSTEINE IN VIVO 


By VINCENT pu VIGNEAUD, JOHN L. WOOD, ann OLIVER J. IRISH 
(From the Departments of Biochemistry, School of Medicine, George 


Washington University, Washington, and Cornell Untversity 
Medical College, New York City) 


(Received for publication, March 21, 1939) 


In a recent investigation (1) we were able to demonstrate the 
conversion of one optical isomer of an amino acid to its antipode 
within the animal body. In this work it was shown that when 
d(—)-phenylaminobutyric acid was administered to the dog the 
acetyl derivative of /(+)-phenylaminobutyric acid! was excreted 
in the urine. It was suggested that the d(—)-amino acid was 
converted to the keto acid by oxidative deamination, and that 
synthesis of the acetyl-l(+)-phenylaminobutyric acid resulted 
from the reaction of the keto acid with ammonia and pyruvie acid 
through an internaf oxidatiom and reduction followed by loss of 
COs, on the basis of Knoop’s original acetyl hypothesis. The 
possible significance of this reaction to the theories of intermediary 
metabolism of amino acids was stressed. In connection with 
these theories, we have become interested in ascertaining the 
generality of this reaction in the animal body and we proceeded to 
test whether the body could convert S-benzyl-d-cysteine and 
S-benzyl-d-homocysteine into the acetyl derivatives of their cor- 
responding enantiomorphs. This work resulted the 
demonstration that S-benzyl-d-cysteine is converted to the acetyl 
derivative of S-benzyl-l-cysteine and that similarly S-benzyl-d- 
homocysteine is converted to N-acetyl-S-benzyl-l-homocysteine. 

In order to make certain that the conversion of d(—)-phenyl- 
aminobutyric acid to the acetyl-l(+)-phenylaminobutyric acid 


‘Tt has been shown that the dextrorotatory phenylaminobutyriec acid 
possesses the configuration of the naturally occurring amino acids and it 
is therefore designated in the present paper as the [(+) (1). 
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was not confined to the dog, we have also studied the fate of 
d(—)-phenylaminobutyric acid in the white rat. We have found 
that the rat can accomplish this conversion of the d-amino acid 
into the acetyl-/-phenylaminobutyric acid. Because of the smaller 
amounts of compound which could be used, the rat was employed 
in the studies on the benzyl sulfur compounds. In the experi- 
ments employing the rat, consistently higher yields of the acetyl 
derivatives have been obtained after the feeding of the amino 
acid corresponding to the naturally occurring series than after 
the administration of the enantiomorph. 

After the feeding of benzylhomocysteine the urine was tested 
for the presence of the acetyl derivative of benzyleysteine. No 
indication of the presence of the latter was obtained. In view of 
the fact that benzylhomocysteine is a phenyl derivative of methi- 
onine, it would hardly be expected to yield the phenyl derivative 
of methyleysteine, 7.e. benzyleysteine, since methionine which is 
S-methylhomocysteine does not yield S-methyleysteine in the 
body. As will be recalled S-methyleysteine is incapable of sup- 
porting growth of animals on a cystine-deficient diet (2, 3), whereas 
methionine is capable of doing so (4). Obviously S-methyl- 
cysteine cannot be regarded as being formed from methionine. 
Nevertheless it was felt that the opportunity for testing for the 
presence of acetylbenzyleysteine in the urine in the experiments 
involving the feeding of benzylhomocysteine should not be dis- 
missed by these deductions. Consequently after the N-acetyl-S- 
benzyl-l-homocysteine had been isolated from the ether-soluble 
portion of the urine, the mother liquors were concentrated and 
the solution was then hydrolyzed with HCl. The hydrolysate 
was evaporated to dryness and the residue was dissolved in liquid 
ammonia and reduced with metallic sodium. After spontaneous 
evaporation of the ammonia the residue was dissolved in water 
and oxidized with air in the presence of Fe***. The solution 
obtained was concentrated and tested for the presence of cystine 
by the Sullivan method. A negative test was obtained. Control 
runs in which N-acetyl-S-benzyl-l-cysteine was added to the urine 
yielded positive tests. No evidence was therefore obtained for 
the excretion of N-acetyl-S-benzyl-l-cysteine after the feeding of 
benzylhomocysteine. 

Recent studies by Stekol (5) upon mercapturic acid synthesis 
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have shown that the feeding of benzyl chloride and of benzyl- 
cysteine to dogs, rabbits, and rats leads to the excretion of N-acetyl- 
S-benzyleysteine in all instances. The optical characteristics of 
the S-benzylcysteine fed or of the acetyl derivative isolated were 
not given. As demonstrated in the present communication the 
N-acetyl-S-benzyleysteine isolated from feeding either d- or /-S- 
benzyleysteine corresponds to the / series of amino acids. 


EXPERIMENTAL 


The preparation and resolution of y-phenylaminobutyric acid 
and the synthesis of the acetyl derivative have been reported in 
a previous communication (1). The /(+)-phenylaminobutyrie acid 
melted at 326 328° and possessed a rotation of = +48.8° 
for a 1 per cent solution in N HCl. The N-acetyl-l(+)-phenyl- 
aminobutyric acid melted at 179-180° and had a rotation of 
[a]>° = +26.7°. The enantiomorphs had the same melting points 
and equal but opposite rotation. 

S-Benzyl-l-cysteine was prepared by reduction of cystine with 
sodium in liquid ammonia followed by the addition of benzy] 
chloride (6). The compound melted (with decomposition) at 
216-218°. The specific rotation of a 1 per cent solution in N 
NaOH was [a]?° = +23.5°. This agreed closely with the reported 
specific rotation of +22.7° (7). The properties of S-benzyl-d- 
cysteine were those which would be expected for the enantiomorph 
of the 1 isomer. N-Acetyl-S-benzyl-l-cysteine was prepared by 
the same general method used for acetylation of phenylamino- 
butyric acid. It erystallized in long needles from dilute ethanol 
and melted at 143-144°. A 1 per cent solution in 95 per cent 
ethanol possessed a rotation of [a]?° = —41.5°. The compound 
reported by Shiple and Sherwin (8) melted at 156-157°. This is 
evidently the racemic acetyl derivative, since we have prepared 
N-acetyl-S-benzyl-dl-cysteine and have found it to have a melting 
point of 157-158°. 

S-Benzyl-dl-homocysteine was prepared and resolved into the 
d and / isomers according to the methods developed by Patterson 
and du Vigneaud (9, 10). For the / isomer a rotation was ob- 
tained of [a]?> = +25° for a 1 per cent solution in N HCl. The 


* All melting points are corrected. 
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compound melted at 247 252°. For acetylation 500 mg. of S- 
benzyl-l-homocysteine were dissolved in 1.21 ce. of 2.0N NaOH. 
0.57 ce. of acetic anhydride and 5.88 ec. of 2.0N NaOH were added 
with vigorous stirring over a 25 minute period while the solution 
was cooled in an ice bath. Upon addition of an amount of HoSO, 
equivalent to the NaOH used, an oil precipitated. On warming 
to boiling, this erystallized in long needles. By reprecipitation 
from alkaline solution with acid, rectangular plates were oc- 
easionally obtained but the needles were the more usual form. 
The purified product melted at 131-132° and possessed a rotation 
of fal- = +5.5° for a 1 per cent solution in 95 per cent ethanol. 
The analytical value of 5.24 for the percentage of nitrogen coin- 
cided with the theoretical value of 5.24. The d isomer was pre- 
pared in an identical manner and possessed the same crystalline 


form, melting point, and an equal but opposite rotation. 


Method of Administration of Compounds and Isolation of 
Their Acetyl Derivatives 


The compounds to be studied were administered to adult, male 
white rats which averaged 300 gm. in weight. The animals were 
placed in individual cages which were supported on large glass 
funnels. Wire netting was placed in the funnels beneath the 
cages to catch food and feces, and test-tubes containing a few drops 
of concentrated HCI were placed under the funnel to catch the 
urine. Collection was continued for 3 to 5 days after all of the 
food containing the compound had been eaten. Bal-Ra dog chow 
and water were given to the animals ad libitum. The compound 
to be studied was mixed in the diet in as high a concentration as 
the animal would voluntarily ingest. This usually varied from 5 to 
10 per cent of the weight of Bal-Ra fed. The diet was moistened 


‘to lessen scattering of the food. In instances in which the rat 


refused to eat the food, we resorted to dilution with more Bal-Ra 
and various other devices such as addition of small amounts of 
corn oil and traces of anise oil in an attempt to make the mixture 
more appetizing. 

For isolation of the acetyl derivatives, the funnels were washed 
down with dilute NH,OH and the wash liquid was added to the 
urine. The urine was made alkaline to phenolphthalein and the 
solution was filtered through filter-cel. The alkaline filtrate was 
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extracted with ether. The aqueous solution was next acidified 
with a large amount of HCl] and was repeatedly extracted with 
small portions of ether totaling about 400 ce. ‘The ether extract 
of the acid solution was distilled, leaving an oily residue. The 
residue was dissolved in warm, dilute NH,OH and was decolorized 
with norit. The solution was acidified to Congo red and alter- 
nately warmed and cooled and the container scratched until 
crystallization of the precipitated oil took place. The crystalline 
compound was then dissolved in acetone or ethanol. After treat- 
ment with norit the solution was diluted with hot water. The 
crystalline material which precipitated was filtered and was dried 
in vacuo over P2O;. In each instance the acetyl derivative isolated 
was compared with the authentic N-acetyl derivative which had 
been prepared by synthesis. Identity of the two samples was 
established by a comparison of the physical properties of the two 
samples, such as crystalline form, melting point, and optical rota- 
tion, by analysis, and by determining the melting point of a mix- 
ture of the two substances. 


Feeding Experiments 


y-Phenylaminobutyric Acitd—1.2 gm. of U(+)-phenylamino- 
butyric acid were fed to a male white rat. From the urine 0.78 
gm. of the N-acetyl-/(+)-phenylaminobutyriec acid was isolated. 
The compound had a melting point of 179-180° and possessed a 
rotation of [al?? = +25.7° which agreed closely with that of an 
authentic sample. 

1.2 gm. of d(—)-phenylaminobutyric acid yielded 0.25 gm. of 
N-acetyl-l(+ )-phenylaminobutyric acid which possessed a rotation 
of [a]>” = +26.9° and a melting point of 179-180°. The yields 
were confirmed by experiments on several animals. 

S-Benzyleysteine 1.0 gm. of S-benzyl-l-cysteine was fed to a 
white rat and 0.66 gm. of N-acetyl-S-benzyl-l-cysteine was pre- 
cipitated from the urine upon acidification with strong HCI! and 
was purified as outlined above. This product melted at 142-144° 
and the melting point of a mixture of it with a sample of the syn- 
thetic compound was the same. The product possessed a rotation 
of [a}}'? = —39.5° for a 1 per cent solution in 95 per cent ethanol. 
The nitrogen content was 5.5 per cent in agreement with the 
theoretical percentage of 5.53. In another experiment 2.4 gm. of 
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S-benzyl-l-cysteine fed yielded 1.4 gm. of the l-acetyl derivative 
from the urine. This sample possessed a rotation of [a] = 
—43.5° and a melting point of 143-144°. Similar experiments 
gave results consistent with these reported. 

2.4 gm. of S-benzyl-d-cysteine mixed in Bal-Ra were given to 
a rat. 15 days were required by the animal to eat the food. 
0.3 gm. of needles characteristic of N-acetyl-S-benzyl-/-cysteine 
was extracted from the urine. The product melted at 141~—143° 
and possessed a rotation of [a]? = —36.7°. Upon further puri- 
fication, crystals having a rotation of [a]? = —40.5° and a melting 
point of 144-145° were obtained. A nitrogen value of 5.7 per 
cent was found; the theoretical value for nitrogen is 5.53 per cent. 
This product was shown to be identical with the synthetic sample 
of N-acetyl-S-benzyl-l-cysteine. 

The mother liquors from the purification procedure yielded 
25 mg. of a product which melted at 152° and this product was 
shown to be identical with N-acetyl-S-benzyl-di-cysteine. 

Approximately 0.25 gm. of S-benzyl-d-cysteine was given by 
stomach tube to each of three rats on 2 successive days. The 
animals were very sick and refused to eat. The usual method of 
isolation and purification yielded 57 mg. of crystalline material 
from the urine. This melted at 141-142°. By fractional crystal- 
lization, a crop of 30 mg. of a compound melting at 141—142° 
was obtained. 15.7 mg. of this in 5 ec. of 95 per cent ethanol | 
possessed a rotation of [a]3? = —39.8°. Another fraction weigh- 
ing 17 mg. revealed no perceptible rotation in ethanol solution 
and had a melting pointof 154-155°. These products were shown 
to correspond to N-acetyl-S-benzyl-l-cysteine and N-acetyl-S- 
benzyl-dl-cysteine respectively. 

When S-benzyl-d-cysteine was fed in amounts larger than 250 
mg. daily, death of the animals shortly resulted. 

S-Benzylhomocysteine—38 gm. of S-benzyl-l-homocysteine were 
fed to a white rat. The N-acetyl-S-benzyl-l-homocysteine which 
was precipitated from the urine weighed 0.55 gm. and melted at 
132°. It had a rotation of [a]%’ = +6° for a 1 per cent solution 
in 95 per cent ethanol. The nitrogen content was 5.1 per cent. 
Its identity was further confirmed by the melting point of a mix- 
ture of the isolation product and a synthetic sample of the acetyl 
derivative. The experiment was repeated and similar results were 
obtained. 
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2.5 gm. of S-benzyl-d-homocysteine were fed to two rats. The 
extraction procedure yielded gm. of crystalline product from 
the urine. This melted at 132° and a 1 per cent solution in 95 
per cent ethanol possessed a rotation of aj?’ = +6°. The com- 
pound was shown to be N-acetyl-S-benzyl-l-homocysteine. The 
nitrogen value found, 5.2, agreed with the theoretical value of 
5.24 per cent. Comparable results were obtained in two other 
experiments. 


SUMMARY 


It has been shown that the white rat as well as the dog is capable 
of converting d(—)-y-phenylaminobutyric acid to the acetyl-l- 
y-phenylaminobutyric acid. 

The work on y-phenylaminobutyric acid has been extended to 
S-benzyleysteine and S-benzylhomocysteine. It has been demon- 
strated that in vivo S-benzyl-d-cysteine is converted to the acetyl 
derivative of S-benzyl-l-cysteine and that similarly S-benzyl-d- 
homocysteine is converted to N-acetyl-S-benzyl-/-homocysteine, 
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A PHOTOELECTRIC PHOTOMETER FOR COLORIMETRIC 
CHEMICAL ANALYSIS 


By MORRIS ROSENFELD 


(From the Department of Pharmacology and Experimental Therapeutics, 
the Johns Hopkins University, Baltimore) 


(Received for publication, April 10, 1939) 


A number of features which increase the precision and reliability 
of measurement have been incorporated in the design of a photo- 
electric photometer intended for the colorimetric analysis of solu- 
tions. The instrument has proved particularly valuable in the 
accurate measurement of dilute solutions which absorb but a 
small fraction of the incident light. 

The photometer is provided with a pair of light-sensitive cells 
of the barrier-layer type which are connected in a differential 
eurrent-balancing circuit. As has been pointed out by Lange 
(1) and Wood (2), a low resistance circuit of this type has several 
advantages: firstly, the current output varies linearly with the 
difference in light intensity falling upon the two cells; secondly, a 
small difference in intensity of illumination can be read upon a 
high sensitivity range of the meter; and thirdly, fluctuations in 
the hght source are to a large extent compensated. The thorough- 
going reviews of Brice (3) and Miiller (4) may be consulted for 
a survey and bibliography on the subject. 

In the present instrument measurement of photocurrent is car- 
ried out at the optimum condition of negligible resistance across 
the terminals of the photocells. Elimination of meter resistance 
has been accomplished by the introduction into the photoelectric 
circuit of the device known as the “zero resistance microammeter.”’ 
This feature greatly improves the operating characteristics of the 
photocells; it provides a linear relation between photocurrent and 
light intensity, reduces fatigue effects, diminishes the tempera- 
ture coefficient, and insures close reproducibility of readings. 

179 


4 
is 
% 
3 
¢ 

2 

j 

| 

> 

é 

a 

i 

a4 

ara 

i 

4 


180 Photoelectric Photometer 


Description of Instrument 


The complete instrument consists of three parts, a light control 
unit, a differential photometer, and a photocurrent meter (Figs. 
1 and 2). 


Ps C F L E L oO F Pb 
in 

Ro Ae 4 | 
fa 


ZR Ms 


Fic. 1. Diagram of photoelectric photometer showing the optical system, 
light control unit, and the photoelectric current meter. Ps and Pb are 
barrier-layer photoelectric cells; C, absorption cell; F, heat-absorbing and 
color filters; L, lens system; E£, light source; D, iris diaphragm; &,, set of 
resistance units; 2, rheostat, 0.6 ohm, 400 watts; Be, 12 volt battery; 
R;, two rheostats in series, one 12 ohms, 400 watts, one 110 ohms, 400 watts; 
Rs, rheostat, 11 ohms, 700 watts; Cr, current-regulating tubes; Ae and Ab, 
ammeters, 10 amperes; V, voltmeter, 75 volts; S:, four pole, double throw 
knife switch; S., double pole, single throw knife switch; ZR, zero resistance 
microammeter with built in galvanometer (@), microammeter (Ma), 
battery (Bm), and rheostats (/s). 


Light Source—The light source is of high intensity and can be 
maintained constant over long periods. Because of the relatively 
high level of illumination a portable meter can be used to measure 
photocurrent even though the initial intensity is greatly reduced 
by highly selective color filters. 

A low voltage, high current exciter bulb (2, General Electric 
T-8, 10 volts, 7.5 amperes) is supplied by current from a 12 volt 
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storage battery (Be, Willard SPW 15-3). This current is adjusted 
by a set of resistance units (2)) made up by placing two 1.5 olim 
elements in parallel and putting three such pairs in series (Inter- 
national Resistance Company Type HO, 1.5 ohms, 200 watts, 
three and ten tapped sections). Separate sections can be shunted 
by knife switches and in addition a fine adjustment variable rheo- 
stat (Re, G-M Laboratories, O06 ohm, 400 watts) 1s 
shunted aeross a 0.25 ohm section of the fixed resistance unit. 


Fic. 2. Photoelectric photometer and photoelectric current meter. The 
lid and front panel have been removed from the case and also two light 
shields located between the lens barrels and color filters have been with- 
drawn to give an unobstructed view. 


During operation the battery is charged continuously at a rate 
equal to or slightly greater than that of the supply to the lamp 
filament. The charging current to the battery is stabilized by 
means of a set of current-regulating radio ballast tubes (Cr, three 
RCA Manufacturing Company, Inc., No. S86 and one No. 876 in 
parallel). The voltage drop across the tubes is brought to 50 volts 
with the rheostat (7, 11 olims, 700 watts). Part of the constant 
current flowing through the ballast tubes can be shunted by the 
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rheostats (/?,, 12 ohms, 400 watts and 110 olims, 400 watts in 
series) to permit adjustment of the charging current to the battery. 

Optical System The optical system is highly efficient in light- 
gathering power and very stable toward mechanical disturbances. 
All optical parts are mounted independently on an optical bench 
(Gaaertner Scientific Corporation). Rotational, vertical, and lat- 
eral adjustments on the lamp, photocells, and solution cup allow 
the system to be aligned properly. 

Mach lens system (/.) consists of three lenses, two of 5 em. and 
one of 7.5 em. focal distance and 388 mm. in diameter, which are 
mounted securely inva lens barrel. The image of the filament is 
brought to a focus within the solution cup (C) and then the beam 
diverges to fall within the limits of the photocell. It was found 
unnecessary to insert a solution into the balancing light beam. 
Mqualization of the illumination reaching the two photocells is 
accomplished by means of an iris diaphragm (2, Bausch and Lomb 
microscope iris diaphragm No. 8), of which the aperture can be 
adjusted by a knob placed outside the photometer housing and 
connected to the lever of the diaphragm by a worm-gear = ar- 
rangement. To insure against any shift in the setting of the 
diaphragm a friction spring was inserted between the lever and 
the slot in which it slides. 

In early work it was noted that zero drifts were due in a large 
measure to relative displacement of diaphragms which intercept 
the main beam of light. For this reason diaphragming of the 
cone of light originating in the filament was avoided by making: the 
image of the coiled filament small enough to fall well within the 
margin of the solution cup. With this arrangement only the 
light arising from reflection and seattering in the glass lamp bulb 
was intercepted by diaphragms so that minute displacements of 
the light beam or optical parts had no effect on the readings. 

Before entering the solution and also before reaching the balanc- 
ing photocell the light passes through a set of filters (/°) consisting 
of a heat-absorbing filter (Corning, light shade aklo, 2 mm., 
No. 396) and a combination of color filters. The holder is adapted 
for the standard 2 inch square, polished glass filters that are 
available commercially. 

A fused Pyrex cell of cylindrical shape with flat optically polished 
end-plates serves as the solution cup (C, American [Instrument 
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Company, No. 5-923). A suitable size for most purposes has 
a capacity of about 3.0 cc. (solution depth | em., external diameter 
22 mm.). The cells are free of cement, are readily cleaned, and 
satisfy unusually close tolerances as to depth and planarity. The 
meniscus is shielded by a diaphragm to avoid troublesome internal 
reflections. The cell is carried on a dovetail slider which is care- 
fully machined to eliminate side play and is provided with an 
end-stop. ‘The cup is filled and emptied with a bulb pipette to 
introduce as little disturbance as possible. Polishing of the 
glass faces between individual readings is avoided, because dust 
particles are attracted to the electrostatically charged surfaces. 

The optical system is surrounded by a light-tight case, so that 
the instrument can be used in a well lighted laboratory. The 
solution cup slides in through an opening in the front panel. 
Light shields placed before the photocells and also between the 
lens barrels and filter holders furnish ample protection against 
stray light. This point should be tested by inserting an opaque 
object in place of the absorption cell and making a transmission 
measurement which should give a value of zero. Adequate cooling 
of the lamp is provided by a large opening below and a circular 
aperture, 1 inch in diameter, just above the bulb. 

Photoelectric Circuit—The barrier-layer type photoelectric cells 
(Ps and Pb, General Electric light-sensitive cells, No. 4120833 
G-1) are obtained matched for current and voltage characteristics. 
Terminals of opposite polarity are connected together and the 
meter is inserted in parallel with the cells. 

By means of a change-over switch (S;, a four pole, double throw 
knife switch) the meter can be made to read (1) the current gen- 
erated in the differential circuit, a measure of absorption, (2) the 
current generated by the single photocell (Ps) behind the solution 
cup, a measure of transmission. The sum of these two values 
equals the total intensity transmitted by pure solvent. Reflec- 
tions from the faces of the solution cup are automatically corrected 
for by the zero setting. 

To eliminate fatigue effects it was found important never to 
permit the photocell terminals to remain on an open circuit even 
for a moment. In the upper position of the switch (S,) photo- 
current from cell Ps is read while the terminals of cell Pb are short- 
circuited. In the lower position the two photocells are connected 
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differentially, so that the difference current can be read. When- 
ever the switch (S,) is to be shifted, each of the photocells is short- 
circuited by an auxiliary switch (S.). 

Zero Resistance Microammeter—The photocurrent meter (ZR), 
a zero resistance microammeter (Sensitive Research Instrument 
Corporation), is a self-contained unit consisting of a galvanometer, 
microammeter, and variable rheostats connected in a potentio- 
metric circuit. A voltage set up across the galvanometer ((G) 
is exactly compensated by means of an external circuit consisting 
of a battery (Bm) and rheostat (#;). A microammeter (Ma) 
indicates the current in the balancing circuit at the moment when 
the voltage drop across the galvanometer is zero. At the null- 
point the terminals of the photocells are in effect short-circuited 
so that the device permits measurement of photocurrent output 
at the optimum condition of zero voltage drop across the terminals. 
The sensitivity of the instrument can be varied to provide full 
scale ranges of 1000, 300, 100, 30, 10, and 3 microamperes. The 
instrument is compact, portable, and rugged with a full scale 
accuracy of 0.25 per cent. 


Manipulations 


Two steps are involved in preparing the instrument for a series 
of readings, an adjustment of light intensity and a zero point 
setting. In. the first step, the current to the lamp filament is 
varied until the light transmitted to the photocell through pure 
solvent generates a photocurrent of a prescribed value, generally 
200 microamperes. The charging current to the battery is set 
about equal to that supplied to the lamp filament. In the second 
step, the two photocells are switched over into the differential 
circuit and then the aperture of the iris diaphragm is adjusted 
to give an exact balance as indicated by the null-point galva- 
nometer. After an initial warming-up period of about 1 hour the 
light intensity and zero point remain very constant throughout 
the day, requiring only occasional checking and readjustment. 

Individual readings on a solution consist of an absorption and 
a transmission measurement. The two readings can be completed 
in less than a minute. Of the values thus obtained the smaller 
is read on a more sensitive range of the meter and therefore pro- 
vides a more accurate figure. 
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The operation of the zero resistance microammeter is quite 
simple. Rotation of a coarse and a fine adjustment rheostat 
knob brings the galvanometer to zero. At this setting the micro- 
ammeter indicates the value of the photoelectric current. 

Since the sum of the absorption and transmission values repre- 
sents the total intensity transmitted by pure solvent,it provides 
a continuous automatic check upon the constancy of illumination. 
In addition, the zero point and total intensity may be checked 
occasionally by an absorption and transmission reading on pure 
solvent. In most of our work we have used distilled water as 
representing pure solvent and have interpreted reagent blanks in 
terms of the equivalent concentration of the substance being 
analyzed. 


Results 


The design of the instrument was directed toward attainment 
of high precision over an exceptionally wide range of concentration. 
The photometer has proved to be particularly valuable in the 
measurement of dilute solutions. In fact the problem of applying 
Marshall’s colorimetric procedure for sulfanilamide to minute 
quantities of fluid initiated the development of this instrument. 
A sample calibration curve for the determination of sulfanilamide 
by the procedure of Bratton and Marshall (5) is illustrated (Fig. 3). 
The colorimeter has been in daily operation for over a year and 
has been used in determinations of sulfanilamide, sulfapyridine, 
iron, copper, and creatinine. 

Throughout most of the range of work the measurements on 
percentage transmission are reproducible within +0.5 per cent. 
At low concentrations the stability of the zero point becomes the 
limiting factor in accuracy. ‘This shift can be kept within +0.1 
microampere in a total of 200 microamperes. To illustrate the 
precision obtained, a reading of 10 per cent absorption is repro- 
ducible to +0.5 per cent of this value (10.00 per cent + 0.05 
per cent), a 5 per cent absorption reading can be reproduced to 
+1 per cent of this value (5.00 per cent + 0.05 per cent). The 
permanence of calibration over a period of months lies within 
these limits. 

The linear relationship between photocurrent and _ intensity 
greatly simplifies the problem of calibration. When highly selec- 
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tive color filters are used, measurements on relatively dilute solu- 
tions of many colored compounds follow closely the Lambert- 
Beer law. Under these conditions three points suffice to check 
the straight line relationship, on a semilogarithmic scale, between 
concentration and the photocurrent readings. 
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Fic, 3. Calibration curve for sulfanilamide. Procedure of Bratton and 
Marshall. A combination consisting of three Corning color filter glasses 
was used: sextant green, 2 mm., No. 401, yellow shade yellow, 3 mm., 
No. 351, didymium, 5mm., No. 512. The total light intensity was equiva- 
lent to 200 microamperes. ‘The per cent transmission readings are plotted 
on a logarithmic seale. The values are derived from the absorption 
readings. 


SUMMARY 


A photoelectric photometer has been constructed for accurate 
colorimetric analysis of solutions over a wide range of concentra- 
tions extending to high dilutions. 

Use of a portable, rugged meter and of highly selective color 
filters is made possible by the adoption of a light source of high 
hut steady intensity. 

High precision even at low absorption and transmission values, 
linearity of response, stability of zero setting, and freedom from 
photoelectric fatigue and temperature effects result from the use 
of a current-balancing photoelectric circuit provided with a “zero 
resistance microammeter.” 
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The optical system is efficient in light-gathering power, permits 
measurement on a small volume of fluid, allows accurate equaliza- 
tion of intensities, and is very stable toward mechanical dis- 


turbances. 


The author is indebted to Miss Dorothea Babbitt and to Miss 
Alma R. Hendrickson for their assistance in the chemical analyses 
and for helpful criticism. 
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LIPIDS OF THE CELL NUCLEI 


By CHARLES A. STONEBURG 


(From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, April 20, 1939) 


Despite the great importance of the nucleus in cell life, com- 
paratively little study has been devoted to its chemical make-up. 
In fact, except for avian red blood cells (1) and pus cells (2), no 
chemical studies of the isolated nucleus are available. The chemi- 
cal nature of some of the compounds, e.g. the nucleoproteins, from 
tissues rich in nuclear material has been carefully investigated 
(3). A few conclusions concerning the distribution of the nucleo- 
proteins have been drawn from ultraviolet light studies (4). By 
specific staining, the spacial relations of the nucleus and the 
histochemical composition of a few of the intranuclear centers of 
activation have been established. However, in these studies, no 
quantitative relationships such as amounts of nucleoprotein per 
gm. of nucleus have been possible. — 

The reason for this lack of interest is not far to seek. Up to 
the present it has not been possible to isolate cell nuclei in sufficient 
amounts and in sufficient purity for examination. The major 
obstacles have now been overcome and a satisfactory method for 
the preparation of pure cell nuclei has been developed which is 
described in detail below. 

The recent observation of Crossmon (5) that, when small pieces 
of fresh tissues were placed in 5 per cent citric acid solution, the 
nuclei were ejected from the cells, offered a possible solution for 
the means of isolating pure cell nuclei. A macroscopic modifica- 
tion of the Crossmon technique was made by which amounts of 
nuclei sufficient for analytical purposes were collected from certain 
tissues;! 7.e., beef heart muscle, rabbit thigh muscle, tumor cells, 


1The method outlined below is not applicable to liver because a tarry 
residue interferes, nor to thymus because a rigid gel is produced by the 
large amounts of nucleic acid present. 


189 


2 
| 
i 
is 
; 


190 Lipids of Cell Nuclei 


and pus cells. Considerable quantities of nuclei have been pre- 
pared, more than a gm. having been recovered from pooled muscle 
samples and as much as 48 gm. from pooled tumor tissues. Since 
the isolation procedure is carried out in aqueous media, water- 
soluble substances are presumably lost, but lipid material should 
not be affected by the aqueous extraction. Lipid analyses of the 
isolated nuclei have been made and are reported below. 

A peculiar interest is attached to the lipids of the nucleus. 
Presumably the nucleus would have little use for stored lipids 
(neutral fats). However, the metabolic and structural roles of 
the phospholipids and cholesterol suggest that the nature and 
amount of these compounds and the ratio of phospholipid to choles- 
terol would have great importance. Evidence is given in this 
paper that special phospholipids occur in the nucleus in relatively 
large amounts and that these lipids possess physical and chemical 
properties which point to a structural rather than a metabolic 
function. 


Methods 


Extraction Procedure. Beef Heart Muscle—The muscle was 
cleaned of all visible fat and then ground in a fine toothed meat 
chopper. 100 gm. samples were put into 1000 cc. beakers and 
covered with 500 cc. of 5 per cent citric acid, stirred occasionally, 
and allowed to stand overnight. The supernatant liquid became 
opalescent from the nuclei, dissolved proteins, and fine muscle 
debris which it contained. A considerable amount of neutral 
fat which had floated to the surface was skimmed off. The solu- 
tion was then diluted with an equal volume of water to render it 
less viscous. The whole mixture was stirred and filtered through 
eight layers of cheese-cloth and the filtrate run through a Sharples 
supercentrifuge at 26,000 R.p.m. To avoid contamination with 
metal dissolved out by the action of citric acid on the iron cylinder 
of the centrifuge, and for convenience in collection, the inside of 
the cylinder was lined with cellophane. When this sheet was 
removed, the adherent nuclei could be easily scraped or washed off 
with a small amount of water. At this stage the nuclear material 
was always contaminated with muscle debris, and a smear stained 
with methylene blue showed about 50 per cent nuclei. Four wash- 
ings by suspending the nuclei in water and centrifuging brought the 
per cent up to about 70. 
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In order to remove the remaining muscle debris the residue was 
put into artificial gastric juice made by adding 250 cc. of 1 per cent 
hydrochloric acid to 250 ec. of 0.8 per cent saline containing 2 to 
4 gm. of pepsin (strength 1:10,000). The mixture was then 
placed in an incubator at 37° for 4 hours, and stirred occasionally. 
At the end of this time the beaker was gently removed in order 
not to disturb the nuclei which had settled to the bottom in a fine 
even layer. The supernatant liquid was syphoned off and the 
residue washed free of hydrochloric acid and pepsin. A smear of 
the residue showed nuclei histologically undamaged and _ free 
from debris. The nuclei were washed with distilled water, centri- 
fuged, and the supernatant liquid removed by suction. 

Since moisture determinations would give equivocal results, 
because of the watery medium in which the nuclei were freed and 
purified, the nuclei were immediately dried by repeatedly adding 
aleohol to the centrifuge tubes, setting the tubes on the steam 
bath, and allowing the alcohol to evaporate as rapidly as possible. 
Boiling rods were inserted to prevent bumping. When dry, the 
tubes containing the nuclei and boiling rods were cooled in a desic- 
eator and weighed. 

Rabbit Thigh Muscle— As much muscle as possible was stripped 
from rabbit thighs, pooled, and treated exactly as beef heart muscle. 

Rat Tumor Tissue—Rat Carcinosarcoma 256 was taken from 
rats 5 to 6 weeks after implantation. The tumor was sliced in 
two, and the necrotic material was scraped out and discarded. 
The living periphery was then hashed in a meat chopper and the 
citric acid solution added as described above. After the mixture 
was filtered through cheese-cloth, about 1 volume of water was 
added to the filtrate. After 3 hours, the nuclei and cell debris 
settled to the bottom in a white layer. Supercentrifugation was 
therefore unnecessary, otherwise the procedure was the same as 
for beef heart muscle. 

Pus Cells—Pus from empyema cases was added to 5 times its 
volume of 5 per cent citric acid. The nuclei rapidly sank to the 
bottom of the beaker and were subjected to the procedure de- 
scribed for tumor cell nuclei. 

Chemical Test for Nucleoproteins—There was ample histological 
proof that the substance isolated from cells was pure nuclei. Un- 
fortunately, no chemical test is available by which the traces of 
cytoplasm which may have remained would be detected. As 
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was expected, the ammoniacal silver nitrate test for guanine and 
adenine in the nuclei gave large quantities of precipitate, while 
the corresponding whole tissues had negligible or slight amounts 
by the same test. That the dried fat-free nuclear residue was 
pure nucleoprotein was shown from quantitative sugar analyses 
by Dr. H. Stokinger of the Department of Public Health. Since 
the isolation procedure presumably removed water-soluble sub- 
stances (including glycogen, as sugar) and since the lipids were 
quantitatively extracted, the finding of pure nucleoprotein (de- 
natured to an unknown extent) in the dried fat-free residue is 
excellent chemical evidence that the nuclei were relatively free 
from cytoplasmic contaminants. 

Lipid Extraction—Laipids were obtained by extracting the dried 
nuclear substance three times with hot alcohol; the hot alcohol was 
filtered into volumetric flasks, cooled, and made up to volume. 
Suitable aliquots were evaporated to dryness and extracted with 
12 ec. of petroleum into 15 cc. centrifuge tubes. 

Lipid Analysis—In accordance with Bloor’s methods (6) the 
lipids were separated into acetone-soluble and acetone-insoluble 
fractions. Since the acetone-insoluble fractions were not soluble 
in moist ether, they were taken up in chloroform and purified by 
another acetone precipitation. Fatty acids were isolated from 
each fraction and the iodine numbers (7) determined. ‘Total 
cholesterol was determined on the acetone-soluble fraction (8). 


Results 


The results of the lipid analyses of the nuclei of beef heart mus- 
cle, rabbit thigh muscle, and tumor periphery and pus cells are 
given in Table I. The nuclei contain remarkable amounts of 
lipids. Particularly striking are the high phospholipid and 
cholesterol percentages. 


In the nuclet, the acetone-soluble fatty acids average 1.8 per | 


cent for rabbit thigh muscle, 6.5 per cent for beef heart muscle, 
18 per cent for tumor cells, and 26 per cent for pus cells. The 
acetone-insoluble fatty acids increase in a somewhat similar fashion 
for these tissues; viz., 3.0, 9.8, 7.5, 12.00 respectively. The 


cholesterol content shows no regular relation to the other lipids, — 
being 3.6, 3.6, 4.6, and 2.5, respectively. The iodine numbers of | 
the acetone-soluble fatty acids averaged 80 for rabbit thigh muscle _ 


Tum 


in 

6! 

Bes 

n 

| A 

Rat 

tl 

m 

| Av 
| 

: Ave 

| Pus 

is 1.8 


A. Stoneburg 193 


and 126 for beef heart muscle. The iodine numbers of the acetone- 
insoluble fatty acids averaged as follows: rabbit thigh muscle 
69, beef heart muscle 69, tumor cells 28, and pus cells 27. 


TABLE 
Lipid Analyses of Nuclet on Basis of Dry Weight 


Acetone-soluble | Acetone-insoluble | 
Nuclei 
Sourceof Neutral fat fatty | Phospholipid | ¢, 
gm. | percent. | per cent | per cent per cent | | 
Beef heart | 0.487/ 2.0 | 114 | 4.1 | 13.7] 9.4 | 88 | 3.3 
muscle 0.968 | 8.2 | 145 | 3.2 | 18.0 | 12.0 | 8&0 5.9 
Lomi | 48 | | 
0.784 | 6.7 | 124 | 3.8 | 180 | 90 | 67 | 3.5 
0.00 | 7.2 | 10 1 20 | 
0.674; 8.2 | 130 | 3.2 | 13.3 | 8.3 | 6 | 2.0 
Average 65 | | 86 | 98 | 
muscle | 0.827; 1.8 | 75 | 3.7 | 3.7); 25 | 65 | 1.0 
0.551 3.4 80 4.1 301 1.2 
Tumor cells'39.9 | 20 Wee 
3.5 | 20 5.0 | 140/11.0 | 2% | 3.0 
6.8 18 45 | 10/70 | 36 | 2.4 
48.0 17 40} 88) 84 | 
Puscells (2.4 2 | | 2.5 | 120 | 27 | 50 
DISCUSSION 


The neutral fat, fatty acid content of rabbit thigh muscle nuclei 
is 1.8 per cent; the cholesterol content is 3.6 per cent. If all the 
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cholesterol were esterified, it would account for nearly all (83 per 
cent) of the fatty acids of the neutral fat fraction. By this same 
reasoning, approximately a quarter of the fatty acids of the 
neutral fat fraction of beef heart muscle nuclei might be derived 
from the cholesterol esters. This point needs further study. The 
high neutral fat, fatty acid content of tumor cell nuclei may be due 
either to necrotic changes in the nuclei or to fats stored by the 
nuclei of the rapidly metabolizing cells of the periphery. 

The phospholipids of the nuclei, from their properties such as 
moist ether insolubility, stability to atmospheric oxidation, and 
low iodine numbers, may be sphingomyelins. However, saturated 
lecithins and cephalins would also have these properties. 

The cholesterol and acetone-insoluble (phospholipid) contents 
of the nuclei are markedly higher than those of the cells in which 
they he (Fig. 1); the cholesterol of nuclei is 3 to 20 times that 
of the content of the whole tissue; the acetone-insoluble content 
of the nuclei is 1.5 to 2 times that of whole tissue. In general, the 
lipid contents of the nuclei tend to follow those of the tissues but 
on higher levels (Fig. 1). 

Lipid values on whole tissue have been distorted by the char- 
acteristic lipid content of the contained nuclei. To clarify this 
confusion, lipid determinations are needed on whole tissue and 
on the quantitatively recovered nuclei from whole tissue. At 
present the experimental difficulties make this impossible. 

The nuclear phospholipid to cholesterol ratio falls without any 
regularity from heart muscle to tumor cell to thigh muscle (Fig. 1). 
The tumor nucleus ratio resembles that of brain. Since the brain 
cells are incapable of proliferation, while the tumor cells are 
unusually proliferative, the similar ratio 1s of interest. When 
the ratio in thigh muscle nuclei (1.4) is compared to that in the 
whole tissues (10.0), there is a very wide divergence. This can 
be ascribed tentatively to two factors: (a) the smaller proportion 
of cholesterol in the muscle cytoplasm, and (b) the differences in 
the phospholipids since nuclei contain principally sphingomyelin 
or saturated lecithins and cephalins, while whole muscle contains 
relatively large amounts of metabolic lecithins and cephalins in 
addition. 

Bloor (9) showed that the phospholipid to cholesterol ratios 
become lower from voluntary muscle 16, to warm blooded animal 
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ventricle 14, to cold blooded animal ventricle 8, to smooth muscle 
(gastrointestinal tract) 4, to uterus 3.5. This ratio for the nuclei 
of leg muscle cells and tumor cells falls even lower, approaching 1.0. 


tissue 
124 nuclei 
8 | 
“4 
2 
heart tumor thigh heart tumor thigh heart tumor thigh 
Acetone -Insoluble Cholesterol Phospholipids 
Cholesterol 


Fia. 1. Lipid analyses of tissue and tissue nuclei 


SUMMARY 


1. A method is described for the isolation of nuclei from tissues 
by immersing the hashed tissues in 5 per cent citric acid, separating 
the nuclei by centrifugation, and freeing them from muscle debris 
by dissolving the latter in 0.5 per cent hydrochloric acid and 1 to 2 
per cent pepsin solution. 

2. Stained with methylene blue, the isolated nuclei were shown 
to be histologically undamaged and free from muscle debris. 

3. The method was shown to be applicable to beef heart mus- 
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cle, rabbit thigh muscle, tumor and pus cells, but not to liver or 
thymus tissues. 

4. Nuclei of beef heart muscle, rabbit thigh muscle, tumor cells, 
and pus cells were analyzed for their acetone-soluble and acetone- 
insoluble fractions and for cholesterol. The iodine numbers of 
the fatty acids of these constituents were measured. 

5. The nuclei contain considerable amounts of lipids and are 
especially rich in phospholipids and cholesterol. The lipid per- 
centages tend to follow those of the whole tissues in which they 


lie but on higher levels. 
6. The nuclear phospholipids are probably sphingomyelins or 


saturated lecithins and cephalins. 
7. The nuclear phospholipid to cholesterol ratio is very low. 


The writer wishes to thank Dr. W. R. Bloor and Dr. H.C. settee: 
for their helpful criticism throughout this work. 


BIBLIOGRAPHY 


Ackermann, D., Z. physiol. Chem., 43, 299 (1904). 

2. Miescher, F., in Jones, W., Nucleic acids, Monographs on biochemistry, 
London and New York, 2nd edition, 2 (1920). 

3. Levene, P. A., in Jones, W., Nucleic acids, Monographs on biochem- 
istry, London and New York, 2nd edition (1920). 

4. Caspersson, T., Skand. Arch. Physiol., suppl. 8, 151 (1936); Natur- 

wissenschaften, 24, 108 (1936); Protoplasm, 27, 463 (1937). 

. Crossmon, G., Science, 85, 250 (1937). 

Bloor, W. R., J. Biol. Chem., 77, 53 (1928); 82, 273 (1929). 

. Yasuda, M., J. Biol. Chem., 94, 401 (1931-32). 

. Bloor, W. R., J. Biol. Chem., 24, 227 (1916). 

. Bloor, W. R., J. Biol. Chem., 114, 639 (1936). 


DO 


| 
| 
| 
aul 
i Se 
of 
IS 
th; 
CO} 
Is 
rea 
reg. 
stat 
onh 
T 
actie 
| side) 
stud 
stan 
| repre 
| the } 
Of th 


THE ENERGY OF ACTIVATION OF THE HYDROLYSIS OF 
SODIUM s-GLYCEROPHOSPHATE BY BONE PHOS- 
PHATASE AT OPTIMAL pH 


By OSCAR BODANSKY 


(From the Children’s Medical Service, Bellevue Hospital, and the Department 
of Pediatrics, New York University College of Medicine, New York) 


(Received for publication, April 3, 1939) 


Examination of the values for the energies of activation of 
enzyme reactions which have been recorded in the literature reveals 
two points of interest. First, these values range from about 5000 
to 15,000 calories per gm. mole, a region distinctly lower, on the 
whole, than that for gas or solution reactions. However, more 
extreme values, such as 800 calories for the action of liver lipase 
and 29,700 calories for that of trypsin, have also been recorded (1). 
Secondly, in most instances the value for the energy of activation 
of a given enzyme reaction varies markedly as the temperature 
is altered. In other words, these results would make it appear 
that the Arrhenius equation fails to hold. This deviation from 
constancy amounts, in many cases, to thousands of calories and 
is in striking contrast to what is encountered in gas and solution 
reactions in which the energy of activation has generally been 
regarded to be constant (2, 3). Moelwyn-Hughes, for example, 
states (3), “Of the vast number of reactions occurring 1n solution 
only a very small number fail to conform with the Arrhenius 
equation. Enzymic reactions are a notable exception.” 

The writer has previously considered the factors governing the 
action of tissue phosphatases (4). He has more recently con- 
sidered the use of different measures of reaction velocity in the 
study of the kineties of biochemical reactions and the circum- 
stances in which the various measures may correctly be used to 
represent the velocity of reaction in enzyme actions (5). In 
the present paper these considerations are applied to the study 
of the effect of temperature on the action of phosphatase. The 
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198 Hydrolysis by Bone Phosphatase 


energy of activation of the bone phosphatase hydrolysis of sodium 
8-glycerophosphate at optimal pH is determined, and the extent 
to which the reaction conforms with the Arrhenius equation is 


then considered. 
EXPERIMENTAL 


The methods for preparing the bone phosphatase extracts and 
for measuring their action have been described in detail in pre- 
vious papers (4). The concentration of the substrate, sodium 
8-glycerophosphate, used in the present experiments was, as in 
previous work, 0.0127 m; that of the buffer sodium diethylbarbitu- 
rate was 0.5 gm. per 100 ec. of hydrolysis mixture. The concen- 
tration of the phosphatase preparation was 12.5 per cent by volume 
of the hydrolysis mixture. The pH was in the optimal range 
(9.0 to 9.2) in all cases. 0.01 M magnesium ion and 0.00625 m 
glycine were present in each hydrolysis mixture. It was shown 
in previous papers (4) that under these conditions the reaction 
velocity is directly proportional to the concentration of enzyme. 

The thermostat was electrically controlled and the temperature 
was constant to within +0.01°. As will be shown later, the effect 
of even larger deviations in temperature, such as 0.05°, are neg- 
ligible in comparison with other sources of errors. ‘Two different 
preparations of bone phosphatase were employed: a cat bone phos- 
phatase, Preparation CaBA-d23, and a human bone phosphatase, 
Preparation MBC-d1, obtained from fresh autopsy material of a 
case of Paget’s disease. 

The reaction velocity was determined in the following manner. 
The amount of phosphorus liberated as inorganic phosphate per ee. 
of hydrolysis mixture was determined at three time intervals, 
spaced as equally apart as possible, during about the first 10 
per cent of the reaction. This portion of the reaction is, as shown 
previously (4, 5), of 0 order. For such a reaction, the ratio of 
the amounts liberated per unit of time as a given condition, e.g. 
temperature, is changed, is equal to the ratios of the reaction 
constants, the direct measure of the reaction velocity (5). The 
amount of phosphorus liberated per minute was calculated at 
each of the three time intervals and the three values so obtained 
were averaged. This method is essentially what is known in 
enzyme investigation as the method of initial velocities. 
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The duplication of each experiment was attempted at a later 
time with the use of different solutions, pipettes, ete. The mean 
of the reaction velocities from duplicate experiments was obtained 
(Column 2, Table I) and the average error of the mean determined 
as the percentage (Column 4). Most of these errors ranged be- 


TABLE I 
Effect of Temperature on Velocity of Hydrolysis of Sodium 8-Glycerophos phate 
by Bone Phosphatase 

Concentration of bone phosphatase, 12.5 per cent by volume of the 
hydrolysis mixture; concentration of substrate, 0.0127 mM, on the basis of the 
phosphorus liberated as inorganic phosphate; concentration of diethyl- 
barbiturate buffer, 0.5 per cent. Optimal pH, 9.0 to 9.2. Concentration 
of magnesium, 0.01 mM; of glycine, 0.00625 m. 


Phosphorus Liberated | 
| as phosphate . verage error 0 
Temperature per cc. hydrolysis No. of experiments oneeee 
mixture permin. 
(1) | (2) | (3) (4) 


~ 


Action of cat bone phosphatase, Preparation CaBA-d23 


"e. mg. | per cent 
12.00 0.000425 2 | 0.2 
17.30 0.000625 2 1.8 
20. 90 0.000819 3 3.2 
27.05 0.00111 1 | 
27.10 | 0.00117 1 | 
31.70 | 0.00147 | 1 | 
32.00 | 0.00142 | 1 | 
37.50 0.00195 | 3 | 3.9 
42.40 | 0.00243 | 2 1.6 


Action of human bone phosphatase, Preparation MBC-dl 


20 .00 | 0.000664 | 2 | 1.3 
25.00 | 0.000863 | 2 2.1 
30.00 0.00103 | 2 3.8 
35.00 0.00150 2 
40.00 0.00187 2 0.3 


tween 1 and 2 per cent. Occasionally duplicate determinations 
did not check so well and therefore a third experiment was run; 
in these cases, the values of all three experiments were averaged. 
Occasionally, too, the temperature at which one experiment had 
been run could not be conveniently attained when the thermostat 
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was readjusted for the duplicate experiment. Even though the 
differences in temperature were not large and had a very small 
effect on the velocity of reaction, the experiments were not con- 
sidered duplicates but were recorded singly (Table 1). 

Before determining the effect of the temperature on the rate of 
hydrolysis of sodium 6-glycerophosphate, it was necessary to have 
assurance that these velocities were being determined in a tem- 
perature range in which the enzyme itself was not undergoing 
any appreciable inactivation. The following experiments were 
therefore carried out. Several tubes were made up to contain 
1 ec. of phosphatase preparation in each tube. To each tube 
were then added 0.4 ec. of 10 per cent solution of sodium diethyl 
barbiturate, 0.1 ce. of 1 M magnesium ion, 0.1 ec. of 0.5 M glycine, 
sufficient sodium hydroxide (0.10 ce. of 0.3.N) to give a pH corre- 
sponding to the optimal one for phosphatase action, and enough 
distilled water to make a volume of 7 ee. Each of these mixtures 
was then incubated at a given temperature, ranging from 28° + 1° 
to 50° + 1°, for 25 minutes. The extent of inactivation resulting 
from such treatment was then determined by bringing the tem- 
perature of the incubated enzyme mixture quickly to 28°, adding 
1 ec. of the substrate, sodium 8-glycerophosphate, and noting 
the action of the resulting hydrolysis mixture. The composition 
of the hydrolysis mixture was now the same as that in which the 
reaction velocity was determined in the experiments recorded 
in Table I. 

Results 


Fig. 1 shows the extent of inactivation incurred by incubating 
the enzyme at various temperatures for a period of 25 minutes. 
The observed reaction velocities in the hydrolysis mixtures con- 
taining the previously incubated enzyme are calculated as per- 
centages of the activity of the mixture containing the phosphatase 
which had been incubated at 28°. It may be noted that incuba- 
tion at temperatures less than 42-43° did not result in any inactiva- 
tion of the enzyme. These experiments afford us assurance, 
therefore, that the actions of bone phosphatase on sodium 6-glyc- 
erophosphate during a period of 25 minutes or less under the con- 
ditions of pH, buffer concentration, ete., described above, and at 
temperatures less than 42 438° are not complicated by inactivation 
of the enzyme. 
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Table I shows the rates of hydrolysis of sodium 8-glycerophos- 
phate by the cat bone phosphatase, Preparation CaBA-d23, at 
temperatures ranging from 12.00-42.40° and by the human bone 
phosphatase, Preparation MBC-d1, at temperatures ranging from 
20.00-40.00°.. Whether these observations conformed with the 
Arrhenius expression was determined in the manner now to be 
deseribed. 


S 


= 


Activity 


8 


42° 50°C. 
Incubation temperature 


Fic. 1. Inactivation of bone phosphatase during 25 minutes incubation 
under the same conditions as those existing in hydrolysis mixtures. © rep- 
resents determinations with human bone phosphatase, Preparation MBC- 
dl; @ cat bone phosphatase, Preparation CaBA-d23. 


The differential form of the Arrhenius equation is 


dink E 
dT RT? 
in which & is the reaction velocity at the absolute temperature 
T, Ris the gas constant, equal to 1.986 calories, and F is the 
energy of activation. The integral form of the equation is 


EC Ef! 
Ink = R (2) 


in which C is a constant of integration. This latter equation is 
linear, of the form, y = a + bx, where y corresponds to In k, 
ato EC/R,bto —E/R, and xrto1l/T. The values of EC/R and 
—E/R may be determined from the values for In k (the natural 
logarithms of the observed reaction velocities given in Table I) 
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at the various absolute temperatures, 7, by any of several 
well known methods. In the present paper, the method of aver- 
ages as given by such standard texts as those of Lipka (6) or 


Mellor (7) is employed. This method, as may be noted by refer- | 


ence to these texts, is a very convenient one and is almost as 
precise as other methods. 


3.2 
> 
phosphatase 
g 
08 
Cat bone 
phosphatase _ 
0.00310 0.00330 0.00550 0.00370 


Reciprocal of absolute temperature 


Fic. 2. Conformance of the observed velocities of hydrolysis of sodium 
8-glycerophosphate by bone phosphatase at different temperatures with 
the Arrhenius expression In k = 2.303 logiok = EC/R — E/R (1/T). To 
facilitate representation, 4.0 has been added to the common logarithms of 
the values for the reaction velocities in cat bone phosphatase action and 5.0 
to those in human bone phosphatase action, as recorded in Table I. This 
does not alter the form of the relationship. The straight lines were ob- 
tained, as described in the text, from Equations 3 and 4. 


For the observations on cat bone phosphatase, Preparation 
CaBA-d23, the following values were obtained: —E/R = — 4969, 
E = 9869 calories, EC/R = 9.753. The Arrhenius expression 
had the following constants, then: 


In k = 2.303 logiok = 9.753 — 4969/T (3) 
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For the observations on the human bone _ phosphatase, 
Preparation MBC-dl, the values which were obtained were 
—E/R = —5108, FE = 10,140 calories, EC/R = 10.059. In this 
case the Arrhenius expression was 


In k = 2.303 logiok = 10.059 — 5108/7 (4) 


Kquations 3 and 4 are shown graphically in Fig. 2, with the 
common logarithms of the reaction velocities as ordinates and the 
reciprocals of the absolute temperatures as abscisse. The points 
represent the observed reaction velocities at the various tempera- 
tures. It may be seen that these fall on or very close to the 
straight lines representing the Arrhenius expression. Thus, the 
velocity at 42.4° is, according to Equation 3, 0.00247 mg. per ce. 
per minute; the observed velocity is (see Table I) 0.00243, or 
1.6 per cent less. At 27.05°, the theoretical velocity is 0.00110 
mg. per cc. per minute; the observed is 0.00111, or 0.9 per cent 
greater. At 17.30°, the theoretical velocity is 0.00633 mg. per 
cc. per minute; the observed is 0.00625, or 1.3 per cent less. The 
greatest disagreement is for the observation at 12°, 0.000425 mg. 
per cc. per minute; the theoretical value is 0.00046 and the dif- 
ference is about 7 per cent. On the whole the agreement between 
the line representing Equation 3 and the observed reaction veloci- 
ties is within the range of the experimental errors involved in 
the determination of the latter. The same holds for the line 
representing Equation 4 and the observed reaction velocities of 
human bone phosphatase, Preparation MBC-d1. In fact, com- 
parison of Fig. 2 with similar figures drawn by Moelwyn-Hughes 
(3), Hinshelwood (2), and Daniels (8) for the relation between 
temperature and reaction velocity in gas and solution reactions 
shows that the applicability of the Arrhenius expression to the 
action of bone phosphatase is of a similar order. In this connec- 
tion it is to be realized of course that phosphatase, as well as 
other enzymes, can be studied only in a limited range of tem- 
peratures. 

Precision of Values for E, the Energy of Activation—The error 
in E, the energy of activation, due to errors in 7, the absolute 
temperature, and k, the reaction velocity, may be obtained by 
partial differentiation of the expression for —E/R, formed accord- 
ing to the method of averages (see Lipka (6), Mellor (7)). The 
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effect of errors in T were found to be negligible in comparison 
with that due to errors in the values for the reaction velocities. 
Thus an error of 0.01° in the temperature of 12° (285° absolute) 
was found to have an effect of 1.2 calories in the value for F# for 
Preparation CaBA-d23; an error of 0.05° was found to have an 
effect of 6 calories. On the other hand, the mean value of the 
errors of the reaction velocities, 2.0 per cent (see Table I), gave 
an error of +160 calories in the value for H = 9869 calories for 
Preparation CaBA-d23 and an error of +270 calories in the value 
for E = 10,140 calories for Preparation MBC-d1l. These two 
values of FE are not significantly different. When they are 
weighted, the value E = 9940 + 140 calories is obtained. 


DISCUSSION 


In the above work we have calculated the value of E from the 
determinations of the reaction velocities at nine temperatures, 
in the case of Preparation CaBA-d23, and at five temperatures, 
in the case of Preparation MBC-d1. It may be readily appreciated 
that the greater the number of determinations at various tempera- 
tures upon which the calculation is based, the less is the effect of 
experimental errors on, and the greater the precision of, the value 
for #. On the other hand, the less the number of temperatures 
at which the reaction velocity is observed, the less is the precision 
of E£. This may be illustrated by a simple example from our 
data. Let us suppose that we had determined the value of EF 
for the action of Preparation CaBA-d23 over the range, 32.0-37.5°, 
on the basis of the reaction velocities, 0.00142 and 0.00195 mg. 
per cc. per minute, respectively, at these two temperatures (see 
Table 1). Application of the Arrhenius expression 


2.303R log (ke/k) 
(1/71) — (1/T:2) 


would have yielded a value EF = 11,840 calories. A similar caleu- 
lation from the reaction velocities at the two temperatures, 37.5° 
and 42.4°, would give a value of 8740 calories. But if, in these 
calculations, we used for the reaction velocity at 37.5° the value 
0.00187 instead of 0.00195 mg. per cc. per minute, as indicated 
by the region of experimental error, we would obtain a value of 
E32.0-37.° = 9410 calories or 2430 calories less than in the 
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previous calculation, and a value of Es7.5424 = 10,410 ealo- 
ries or 1670 calories more than in the previous similar calculation. 

The above considerations naturally raise the question as to 
whether the very large changes in # with variation in tempera- 
ture which have been recorded in the literature (1) for many 
enzymes are significant or whether such changes are within the 
region of experimental error, since they have almost all been made 
on the basis of the determinations of the reaction velocities at 
two temperatures. We shall not attempt to consider this ques- 
tion here, since the data referred to do not give precise information 
concerning the experimental errors of the values for the reaction 
velocities. It must also be kept in mind that in much of this 
data the extent of inactivation of the enzyme under the conditions 
of the reaction was not determined; in such cases it would not be 
possible to be certain that decreases in the apparent value of E 
at higher temperatures (about 45 50°) were not due to inactiva- 
tion of the enzyme. 

Our results indicate that the energy of activation of the hydroly- 
sis of sodium 6-glycerophosphate by bone phosphatase at optimal 
PH is constant, within the experimental errors given (+160 calories, 
+270 calories) throughout the range 12 42.4°. It is conceivable 
that if the reaction velocities could be determined with much 
greater precision, a small variation in the energy of activation 
with variation in temperature might become evident. This has 
been shown to occur in certain reactions by La Mer and his asso- 
ciliates (9-11). Thus in the dealdolization of diacetone aleohol in 
the presence of 18.5 per cent methyl alcohol, the average error 
in the value of the reaction velocity was about 0.5 per cent, that 
in the energy of activation calculated from the reaction velocities 
at two temperatures was about +90 calories, and the change in 
the value of F with temperature was outside of this region of 
error, amounting to about 200 to 400 calories in temperature 
ranges of 5° to 10°. 

We shall not discuss here the question, indicated in an earlier 
paper (5), concerning the extent to which values of FE, recorded 
for certain enzyme reactions in the literature (1), depend upon 
the measure of the reaction velocity employed. It must be noted, 
however, that some of the calculations of # are based on data 
collected at a time when the effect of pH on enzyme activity was 
not appreciated; that is, prior to about 1910. Some of these 
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values of FE may, therefore, be for the action of the enzyme at a | 
pH other than optimal. That the value of # may depend upon 
the pH is indicated by the work of Nelson and Bloomfield (12) 
on invertase and of Williams (13) on catalase. The former | 
workers found EK = 8853 calories at optimal pH 5.0, and 16,960 | 
calories at pH 8.5. 

SUMMARY 


1. Incubation of bone phosphatase for 25 minutes under the 
conditions employed for action at optimal pH (9.0 to 9.2) results 
in inactivation only at incubation temperatures higher than 42- 43° | 

2. The energy of activation, #, of the hydrolysis of sodium | 
8-glycerophosphate by bone phosphatase at optimal pH was 
found to be 9940 + 140 calories per gm. mole. This calculation 
was based on the reaction velocities determined at nine tempera- 
tures, in the case of a cat bone phosphatase preparation, and at 
five temperatures, in the case of a human bone phosphatase 
preparation. 

3. The energy of activation, FE, of the hydrolysis of sodium 
8-glycerophosphate by bone phosphatase was found to be con- 
stant, within experimental error, throughout the range 12-42.4°. 

4. The significance of these findings, especially in relation to 
the values for the energy of activation of other enzyme actions 
recorded in the literature, is discussed briefly. 
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STUDIES ON DIGESTIBILITY OF PROTEINS IN VITRO 


VII. LIBERATION OF CYSTINE ON TRYPTIC DIGESTION OF 
CASEIN, WITH OBSERVATIONS ON THE INSTABILITY 
OF CYSTINE TOWARD ALKALI* 


By D. BREESE JONES anp CHARLES E. F. GERSDORFF 


(From the Protein and Nutrition Research Division, Bureau of Chemistry 
and Soils, United States Department of Agriculture, Washington) 


(Received for publication, March 25, 1939) 


Knowledge of the rate of liberation of amino acids from proteins 
on enzymatic digestion is very meager. It has been shown, how- 
ever, that some amino acids are liberated more readily than others, 
and that there are differences in the ease with which the same 
amino acid may be set free from different proteins. The published 
work in this field has been already reviewed (1). Information 
along these lines should aid in a better understanding of the proc- 
esses of protein digestion in the alimentary tract, and also in the 
elucidation of some problems relating to the nutritional value of 
certain food proteins. It may also throw light on some angles of 
protein structure. 7 

The work presented is a continuation of a series of studies on the 
digestibility of proteins zn vitro. It was earlier (1) found that no 
detectable amount of cystine was set free when casein was digested 
with pepsin. With acid hydrolysis, however, it was found that 
cystine is readily liberated. Boiling 20 per cent hydrochloric acid 
released one-fifth of the total cystine of the casein in 30 minutes, 
and it was entirely released in 6 hours. This suggested that on 
tryptic digestion cystine might also be readily liberated, which in 
fact has been found to be the case. 


* A preliminary report of this work was presented before the Thirtieth 
annual meeting of the American Society of Biological Chemists at Wash- 
ington, March 25-28, 1936 (Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 
114, p. lili (1936)). <A brief report was also read before the Sixteenth 
International Physiological Congress at Zurich, Switzerland, August 14-19, 
1938 (Kongressbericht II, p. 196). 
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The data presented in this paper represent over 350 separate 
digestions carried on intermittently since April, 1933. Several of 
the digestion series have been repeated, in some cases three times, 
with months intervening. The results obtained in most cases 
were in very close agreement. In order to save space, the exten- 
sive data acquired has been condensed and only averages are 
given. 

The large amount of preliminary work involved in developing a 
procedure for measuring the rate of liberation of cystine led to a 
number of observations relating to the stability of cystine toward 
alkali under different conditions. These observations, incidental 
to the main objective of the work, are believed to merit enough 
interest and importance to be recorded in some detail. They are 
not, however, to be considered as finished studies in themselves, 
but as observations worthy of further investigation. 

When the digestions were conducted on the alkaline side of 
neutrality, as is usual in tryptic digestions, it was found that the 
eystine was being decomposed or altered. The amount of lib- 
erated cystine found in the digests decreased as the periods of 
digestion increased. Cystine in casein was found much less 
stable than uncombined cystine under identical conditions. It 
was also found that the presence of casein significantly decreases 
the stability of free cystine toward dilute alkali. When cystine 
alone, without casein or trypsin, was digested for 4 hours at pH 
8 to 9 with sodium hydroxide, no loss of cystine was observed, but 
when casein was added under the same conditions a loss of about 
63 per cent of the total cystine resulted. That the losses of cystine 
observed during the tryptic digestions are to be attributed to the 
effect of the alkalinity of the digests is indicated by the fact that 
the losses became correspondingly less when lower concentrations 
of alkali were used, and there was no loss of cystine when the 
digests were maintained slightly on the acid side. At pH 6.8 
to 6.2, the quantity of free cystine found in the digests at differ- 
ent time intervals increased until finally all the cystine was ac- 
counted for. 

Trypsin was also found to play a part in the decomposition of 
cystine when casein was digested at pH 8 to 9. When casein was 
digested with trypsin at pH 8 to 9, the destruction of cystine was 
3 times as great as when casein was digested at the same pH with- 
out trypsin. 
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The results of tryptic digestions made at pH 8 to 9 show that 
cystine is rapidly liberated from casein, although satisfactory 
measurements of the rate could not be made because of the effect 
of the alkaline reaction upon the cystine. When the digestions 
were conducted slightly on the acid side, the rate of cystine libera- 
tion was definitely slower, but it was entirely liberated in 144 hours 
at pH 6.8. ‘It is of interest to note the degree of activity shown 
by trypsin in our digestions conducted at slightly acid reactions. 

The instability of the cystine of casein in the presence of dilute 
alkalis has been noted in a previous publication (2). When casein | 
is dispersed in dilute sodium hydroxide (about 0.3 per cent), 
and reprecipitated with acetic acid at pH 4.5, and the process 
repeated, the cystine content of the products decreases with each 
successive treatment, until after five or six reprecipitations no 
detectable amount could be observed when tested by the specific 
Sullivan method. Recently, Neglia, Hess, and Sullivan (3) 
found that alkali-prepared wheat glutenin had about 30 per cent 
less cystine than that prepared by the acid method. This decrease 
closely approximates that resulting from one treatment of casein 
with dilute sodium hydroxide. 


EXPERIMENTAL 


The casein used was prepared from fresh skim milk! according 
to the method of Van Slyke and Baker (4). This method has 
yielded over a number of years many preparations which agreed 
closely in composition. Determinations made both by the Sul- 
livan (5) and by the Folin and Marenzi (6) methods have shown 
uniformly a cystine content of 0.30 to 0.34 per cent. The prepara- 
tion used in this work contained 0.33 per cent cystine,? 16.11 per 
cent nitrogen, and 0.11 per cent ash. 

A commercial trypsin preparation (Fairchild Brothers and 
Foster) was used throughout the work, with the exception that in 
some special digestions crystalline trypsin was employed. 

Cystine was determined in the digests by the Sullivan method 
(5). It was found that the Folin and Marenzi method gave high 


1 Grateful acknowledgment is made to the Bureau of Dairy Industry, 
United States Department of Agriculture, for kindly supplying the skim 
milk for the preparations used in these studies. 

2? The figures for cystine and nitrogen are calculated on the basis of 
ash- and moisture-free material. 
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and erratic results. Similar experience was encountered in our 
previous work on the peptic digestion of casein (1). During the 
early stages of hydrolysis excessively high values were obtained 
both when pepsin or hydrochloric acid was used for the digestion. 
When cystine was determined in the hydrochloric acid hydrolysates 
by the Sullivan method, consistent increments in value were 
obtained up to complete hydrolysis, when all the cystine of the 
casein was accounted for. It is evident that during the early 
stages of both acidic and enzymatic hydrolysis of casein inter- 
mediate products are formed which respond chromogenically with 
the Folin and Marenzi reagent, but not with the specific Sullivan 
method. The Folin and Marenzi method cannot, therefore, be 
used to determine free cystine in mixtures resulting from incom- 
plete hydrolysis of proteins. 

After a number of preliminary experiments which need not be 
discussed the following general procedure was adopted: The 
digestions for each time interval were made separately at 38° on 
duplicate and, in some cases, on triplicate and quadruplicate 
samples of casein, each equivalent to 3 gm. of the ash- and mois- 
ture-free protein. In a few instances, 5 gm. samples of casein were 
used. The casein was well stirred with 300 mg. of trypsin, and 
the mixture was suspended in 35 ml. of distilled water. When 
more than 3 gm. of casein was used, a proportionally larger amount 
of water was employed. The hydrogen ion concentration of the 
mixture was then adjusted to the desired pH by addition of 20 
per cent sodium carbonate. In some of the preliminary work 
sodium hydroxide was used. During digestion periods up to 72 
hours the desired pH was maintained by frequent dropwise addi- 
tion of 20 per cent hydrochloric acid. It was found that after 
72 hours digestion the pH remained practically constant. Toluene 
was added as a preservative. The length of each digestion period 
was reckoned from the time the mixture was placed in the incuba- 
tor until it was removed. The volume of the digest was measured, 
and 5 ml. aliquots were taken for cystine determinations. Both 
a Bock-Benedict and a Leitz compensating colorimeter were used 
in making the color comparisons. 

A series of experiments showed that the trypsin did not contrib- 
ute any measurable amount of free cystine to the digests. These 
experiments are described later. 
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Tryptic Digestion of Casein at pH 8 to 9 


Tryptic digestion of protein is usually carried out at about pH 
8 to 9, as this range of hydrogen ion concentration is considered 
the optimum for tryptic activity. Accordingly, 3 gm. samples of 
casein, each containing 0.33 per cent cystine, were digested at pH 
8 to 9 for 4, 18, and 24 hours. In one series sodium hydroxide was 
used to adjust the reaction of the digests, and sodium carbonate 
was used in another series. Determination of free cystine in the 
digests to which sodium hydroxide had been added showed that 
this amino acid was being readily liberated (Table I). At the end 
of 4 hours nearly one-third of the cystine in the casein digested 
was accounted for in the digests. Digestions for longer periods, 


TABLE I 
Tryptic Digestion of Casein at pH 8 to 9 


3 gm. of casein containing 9.9 mg. of cystine were used for each digestion. 
The values are averages of duplicate digestions. 


Free cystine in digests 
Digestion period 


Alkali used to adjust 
pH | 


Amount Cystine in casein used 
hrs. | mg. per cent 
4 NaOH | 3.1 31.3 
18 Ks 3.0 30.3 
24 = | 2.5 | 25.2 


24 | 2 | 5.0 | 50.5 


however, revealed the interesting observation that the amount 
of cystine found in the digests to which sodium hydroxide had 
been added decreased with increasing periods of digestion. When 
sodium carbonate was used, more cystine was found, but digestion 
for 24 hours yielded no more than an 18 hour digestion. In view 
of our earlier observations (2) on the lability of cystine in casein 
toward dilute alkali, it was strongly suspected that the cystine 
was being attacked by the alkalinity of the digests. 

In order to obtain more definite evidence on this question, 
several series of experiments were conducted, the results of which 
show conclusively that the alkalinity of the digests was the re- 
sponsible agent. 
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Cystine in Acid Hydrolysates of Tryptic Casein Digests 


The decreasing amounts of free cystine found in the digests 
when casein was digested with trypsin at pH 8 to 9 for different 
periods (Table I) indicated that a part of the cystine had been 
decomposed by the alkalinity of the digests. The amounts found 
in the digests, however, afforded no clue to the amount of cystine 
that had been destroyed. They merely represent the amount 
that escaped destruction. There was doubtless present also an 
unknown amount of cystine that had not been liberated. In order 
to obtain data showing how much of the cystine had been de- 
stroyed, 3 gm. samples of casein were digested with trypsin for 


TABLE II 
Cystine in Acid Hydrolysates of Tryptic Casein Digests 


3 gm. of casein were used in all the digestions, and 300 mg. of trypsin, 
equivalent to 14.94 mg. of total cystine. The digests were hydrolyzed for 
24 hours with 20 per cent hydrochloric acid. 


(Cystine recovered in acid hydrolysates of digests 


Digestion period 
Total casein and 


Amount Casein cystine trypsin cystine 
Ars. mg. per cent 
24 4.5 | 45.4 30.1 
48 1.8 | 18.2 12.0 


72 1.4 | 14.1 9.4 


different periods, and the digests were then hydrolyzed by boiling 
with 20 per cent hydrochloric acid. Cystine was determined in 
‘the hydrolysates. The results given in Table II show that a 
marked destruction of cystine had taken place, which progressed 
as the digestion periods increased. At the end of 24 hours diges- 
tion a quantity representing only 45.4 per cent of the casein cystine 
was recovered, which corresponds to a loss of 54.6 per cent. After 
digestions for 48 and 72 hours, the losses had arisen to 81.8 and 
85.9 per cent, respectively. 

Tryptic Digestion of Casein Plus Added Cystine— Another series 
of digestions was conducted in which 16.5 mg. of cystine were 
added to 5 gm. of casein, and the mixture digested with trypsin 
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for 4 hours. The cystine of the casein (16.5 mg.) and the added 
cystine represented a total of 33 mg. As shown in Table III, an 
average of only 8.2 mg. of cystine was found after 4 hours digestion 
when sodium hydroxide was used, representing 24.7 per cent of 
the total cystine used. It is evident that a marked destruction 
of cystine had occurred, involving not only the casein cystine, 
but also the added free cystine. As already shown (Table I), 
when casein was digested under identical conditions, but without 
added free cystine, 31.3 per cent of the casein cystine was found 
free in the digest after 4 hours. Assuming that in the present 
experiment the same proportional amount of the casein cystine 


TABLE III 
Tryptic Digestion of Casein Plus Added Cystine, pH 8 to 9 
5 gm. of casein and 16.5 mg. of added cystine were used for each digestion, 
equivalent to 33 mg. of total cystine. The digestion period was 4 hours in 
each case. 


Free cystine in digests 
Alkali used to adjust pH 


Amount Total cystine 
mg. 
NaQH...... 7.8 23.6 
8.2 average 24.7 average 
Na;CO,...... 16.9 51.2 


was in the digest, we would have 5.17 mg. This amount plus 
16.5 mg. of added cystine would give 21.6 mg., the amount which 
should have been present had there been no destruction of the 
added cystine. 

These results indicate that the free cystine and the casein had a 
mutual effect in increasing the lability of the cystine in both of 
these components of the digests. Such an effect can well be ex- 
plained as a result of partial reduction of the disulfide linkage of 
cystine by intermediate products of decomposition formed during 
the alkaline tryptic digestion. This explanation finds support in 
the work of Clarke and Inouye (7), Mirsky and Anson (8), du 
Vigneaud et al. (9), and others. 
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Digestion of Cystine Alone with Alkali (pH 8 to 9) 


In view of the losses of cystine observed in the tryptic digestions 
it was of interest to learn whether there would be corresponding 
losses when cystine was digested alone with alkali in the same 
concentration as used in the tryptic digestions of casein. 16.5 
mg. of cystine were digested at 38° with 35 ml. of dilute alkali 
solution (pH 8 to 9) for 4 hours. The results are shown in Table 
IV. In contrast to the destruction found when casein and trypsin 
were also present (see Table III), practically all the cystine was 
recovered in the digests, when either sodium hydroxide or sodium 
carbonate was used. Evidently, in the former experiments, 


TABLE IV 
Digestion of Cystine Alone with Alkali, pH 8 to 9 
Cystine used, 16.5 mg.; digestion period, 4 hours. 


| Free cystine in digest 


| Amount | Recovery 
| mg. | per cent 


100.0 


either the casein or the trypsin, or both, played a réle in the disap- 
pearance of the cystine. 


Digestion of Casein Alone with Alkali (pH 8 to 9) 


In view of the results of the preceding experiments in which 
casein was digested with trypsin, it was of interest to find out what 
would be the effect when casein was treated with the same con- 
centration of sodium hydroxide in the absence of trypsin. It 
seemed quite possible that the hydrolytic effect of the enzyme on 
the casein molecule might expose the cystine in such a way as to 
render it more vulnerable to the action of the alkali. 

3 gm. samples of casein were heated for various periods at 38° 
with 35 ml. of sodium hydroxide in the same concentration (pH 
8 to 9) as was used in the tryptic digestions. In order to estimate 
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the amounts of cystine decomposed during the digestion periods 
the digests were hydrolyzed by boiling with 20 per cent hydro- 
chloric acid, and cystine was determined in the hydrolysates. 

The results, given in Table V, show that decomposition of 
cystine occurred to a high degree. However, these losses were far 
exceeded when casein was digested with trypsin under similar 
conditions (see Table II). When trypsin was present, 85.9 per 
cent of the casein cystine was decomposed at the end of 72 hours 
digestion, as compared with 57.6 per cent when the casein was 
digested with alkali alone for the same period. 


TABLE V 


Digestion of Casein Alone with NaOH, pH 8 to 9 
3gm. of casein were used for each digestion, containing 9.9 mg. of cystine. 
The digests were hydrolyzed with 20 per cent HCl. 
Cystine found in hydrolysates 


Amount Casein cystine 
hrs. mg. per cent 
4 9.9 100 
24 6.1 61.6 
48 5.7 57.6 
72 4.2 


42.4 


Cystine Liberated on Tryptic Digestion of Casein 
at pH 6.8, 6.6, and 6.2 


The foregoing experiments showed definitely that when casein 
is digested with trypsin at pH 8 to 9, a very significant part of the 
cystine is decomposed. It was, therefore, obvious that satis- 
factory results on the rate of liberation of cystine could not be 
obtained when the casein digestions were conducted at an alka- 
linity of pH 8 to 9. Several series of digestions, which need not 
be detailed here, showed consistently less decomposition of the 
cystine as the pH values decreased. The most satisfactory results 
were obtained when the digests were adjusted to a pH value of 6.8. 
As shown in Table VI, increasing amounts of cystine were liberated 
as the digestion periods increased, until practically constant values 
were reached which closely approximated the cystine content of 
the casein used. Complete liberation of the cystine was also 
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effected at pH values of 6.6 and 6.2, but longer periods of digestion 
were required. At pH 6.8 nearly all the cystine was liberated in 
120 hours, while the digests adjusted to pH 6.6 and 6.2 required 
168 and 216 hours, respectively. It is of interest to note that 
during the first 24 hours the amount of cystine liberated was 
practically the same in all the series. 

Reference was made at the start to the fact that it was found 
unnecessary to make corrections for cystine originating from the 


TABLE VI 
Cystine Liberated by Tryptic Digestion of Casein at Various Reactions* 
3 gm. of casein and 300 mg. of trypsin were used. The values represent 
percentages of the total cystine in the casein used. 


(‘ystine liberated 
Digestion period 


pH 7.0 pH 6.8 pH 6.6 pH 6.2 
Ars. per cent per cent per cent per cent 
6 | 22.44 26.9 26.6 
18 | 37.6 38.1 
24 | 38.7 39.9 39.3 
48 | 64.7 51.1 43.2 
72 71.1 69.6 56.2 43.1 
96 73.9 .7 45.7 
120 74.9 97.5 77.1 
144 75.9 101.5 90.9 84.8 
168 74.1 101.5 103.0 RO 4 
192 69.8 101.7 95.5 
216 100 .6 


* The above values are averages of closely agreeing duplicates, and in 
some cases of quadruplicate determinations. They represent, all told, 180 
digestions. 


trypsin used. Analysis of the trypsin showed that it contained 
1.68 per cent cystine. The results of our tryptic digestions are at 
variance with the idea that any considerable amount of free cystine 
derived from the trypsin was present in the digests. The per- 
centages of cystine in the digests consistently increased with the 
length of the digestion periods until a maximum was reached which 
corresponded to the total cystine content of the casein used. 
Thereafter, the amount remained practically constant. 

Alkaline tryptic digestions of casAn showed that most, if not 
all, of the cystine of the trypsin was decomposed (see Table IT). 
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The total cystine recovered in the hydrolyzed 72 hour digests 
amounted to only 1.4 mg., whereas the 300 mg. of trypsin used 
contained 5.04 mg. That the trypsin yielded no appreciable 
amount of free cystine during the alkaline digestions was further 
shown by digesting 300 mg. of the trypsin at pH 8 to 9 for 24 hours. 
Examination of the digest for free cystine, with a compensating 
colorimeter, gave a negative test. Only a yellow color developed, 
instead of the characteristic red given for cystine by the Sullivan 
method. 

That no free cystine was contributed to the digests by the 
trypsin when protein digestions were carried out on the acid side 
was demonstrated by two series of digestions. 


Tryptic Digestions of Decystinized Casein 


In one series use was made of a protein which showed no detect- 
able amount of cystine when tested by the Sullivan method. In 
the light of the results obtained in the tryptic digestions of casein 
on the acid side, digestion of this protein with trypsin should show 
no free cystine in the digests. This was found to be the case. 
3 gm. of “decystinized casein’ were digested with 300 mg. of 
trypsin at pH 6.8 and 38° for periods ranging from 24 to 192 hours. 
In no case could the presence of any free cystine be detected in the 
digests. However, after the digests had been hydrolyzed by 
boiling for 18 hours with 20 per cent hydrochlorie acid the full 
amount of the cystine in the trypsin used was accounted for. 


Digestion of Casein with Crystalline Trypsin 


Further evidence that the trypsin did not contribute free cystine 
to the casein digests was furnished by two parallel series of casein 
digestions; in one case 300 mg. of trypsin (Fairchild Brothers 
and Foster) was used and, in the other, 25 mg. of erystalline 
trypsin. 3 gm. samples of casein were digested at pH 6.8 for 24, 


* This protein is prepared by dispersing casein in dilute sodium hy- 
droxide and reprecipitating with acetie acid. After five such consecutive 
treatments the product gives no test for cystine by the Sullivan method. 
Otherwise, it is quite similar in its amino acid composition to unaltered 
casein. ‘Tests made on numerous preparations of this product have always 
been negative for cystine. 

* The crystalline trypsin was kindly furnished by Dr. T. L. Swenson of 
the Enzyme Laboratory of the Food Research Division, Bureau of Chemis- 
try and Soils, United States Department of Agriculture. 
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48, and 72 hours. As shown in Table VII, the amounts of cystine 
liberated by digestion with crystalline trypsin agree closely with 
those liberated by the commercial trypsin. If the commercial 
trypsin had yielded any significant amount of free cystine to the 
digests, the values found would have been materially higher than 
those obtained with the crystalline trypsin, since the small 
quantity of the latter used could have contributed very little 
cystine, if any. 

The evidence presented shows clearly that under the conditions 
described no significant amount of free cystine was contributed to 
the casein digests by the trypsin used. 


TasBLe VII 
Liberation of Cystine by Digestion of Casein with Crystalline Trypsin at 
pH 6.8, Compared with Results Obtained in Parallel Digestions 
with Commercial Trypsin 
3 gm. of casein, 300 mg. of commercial trypsin, and 25 mg. of crystalline 
trypsin were used. 
(‘ystine liberated 


Digestion period | trypsin 
Amount Casein cystine Amount Casein 
ie. mg. per cent mg. per cent | 
24 4.0 40.4 3.9 39.4 
48 5.0 50.5 4.9 49.5 
72 6.6 66.7 | 6.5 | 65.6 


It is a curious fact, however, that when trypsin alone was heated 
at 38°, and at pH 6.8, about 92 per cent of its cystine was found 
free in the digests at the end of 24 hours. This quantity remained 
constant thereafter on further heating for 24 hour intervals up to 


192 hours. 
DISCUSSION 


The instability of cystine toward moderately high concentra- 
tions of alkali at elevated temperatures has been long known as one 
of its characteristic properties. It was, however, quite surprising 
at first to find that the cystine was decomposed so readily and 
extensively at such a low temperature and low concentrations of 
alkali as employed in our digestion experiments. The remarkable 
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lability of cystine under the conditions described becomes quite 
understandable when considered in the light of recent observations 
by other workers on the effect of various factors and conditions 
which may influence the degree of stability of cystine toward 
alkali. 

There is a large amount of evidence that free cystine is relatively 
unstable even under rather mild treatment. Clarke and Inouye 
(7) found that cystine decomposes in different stages when treated 
with normal sodium hydroxide at 25°. Pyruvie acid is formed 
when the mixture is heated, and the rate at which the sulfur is 
mobilized in cystine is nearly equivalent to that at which ammonia 
is liberated. ‘The deamination of cystine was found more rapid 
in a suspension of calctum hydroxide than in sodium hydroxide. 
Cystine was found to yield 75 to 80 per cent of its sulfur as sulfide 
when treated with lead plumbite. This reaction was explained by 
assuming a partial reduction of the disulfide linkage by the organic 
moiety of the eystine molecule, or by added reducing substances. 
Gortner and Sinclair (10) found that hydroxides of barium, cal- 
cium, and strontium, and even dilute solutions of sodium carbonate 
were more effective in removing nitrogen and sulfur from the cys- 
tine molecule than were strong solutions (20 per cent) of sodium 
hydroxide or potassium hydroxide. Andrews (11) found that 
cystine was readily decomposed by molar sodium hydroxide solu- 
tion at room temperature. Very recently Routh (12) has shown 
that free cystine is decomposed by boiling distilled water in an 
atmosphere of air or nitrogen, yielding cysteine, hydrogen, sulfide, 
and sulfur. 

The very significant observation was made by Andrews (11) 
that within a given range the more dilute the alkali, the greater 
was its effect on cystine. The production cf ammonia was found 
to be inversely proportional to the concentration of the alkali 
(sodium hydroxide), ranging from 4M to about 0.2m. This effect 
was later confirmed by Thor and Gortner (13). They considered 
that the stabilizing action on the cystine favored by the stronger 
alkalis was due to products of side reactions. 

The stability of cystine toward alkali depends also on the nature 
of the molecule, or groups with which it is combined. Bergmann 
and Strather (14) observed that the dianhydride of dialanyl-/- 
cystine is decomposed by dilute sodium hydroxide at room tem- 
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perature with liberation of all its sulfur. They state t iat sulfur 
appears to be split off from proteins more rapidly than from free 
eystine. Brand and Sandberg (15) found that when treated with 
0.1 N sodium hydroxide, dialanyleystine splits off 18.6 per cent of 
its total sulfur, and dialanyleystine anhydride 91.8 per cent. 
Under identical conditions free cystine, on the other hand, splits 
off only 2.8 per cent. That the introduction of acyl radicals into 
the amino groups of cystine and cysteine increases the lability of 
the sulfur toward alkali has also been shown by Fruton and Clarke 
(16). Blatherwick and coworkers (17) found that the sulfur of 
keratin and zein was very unstable toward dilute alkali. It is 
well recognized that cystine in proteins is much more labile than 
free cystine. Crowder and Harris (18) found that treatment of 
wool with 0.05 N sodium hydroxide for 4 hours at 65° caused a 
decrease in its cystine content from 13.4 per cent to 2.5 per cent. 
Abel and Geiling (19) found that the sulfur of insulin has a high 
degree of lability toward 0.1 N sodium carbonate. Brand and 
Sandberg (15) found that, although free cystine is quite stable, 
it becomes labile when linked with other amino acids. They 
found that, under identical conditions, insulin and glutathione 
split off, respectively, 35.6 and 31.2 per cent of the total sulfur, 
while free cystine proved stable. du Vigneaud (20) found that 
sulfur is split off when insulin is heated with 0.1 N sodium car- 
bonate, but that free cystine is comparatively stable when similarly 
treated. That other groups attached to cystine influence its 
stability was shown by the fact that when insulin was hydrolyzed 
by acid, the sulfur of the cystine became stable. Nicolet (21) 
has developed a mechanism for explaining the alkaline decomposi- 
tion of cystine which is in harmony with the greatly increased 
reactivity in certain types of cystine and cysteine derivatives. 
The studies here reported show that when casein is digested with 
trypsin at pH 8 to 9 a large part of the cystine is decomposed, and 
that some decomposition occurs when the digest is nearly neutral. 
The marked instability of cystine observed in our digestions could 
be quite satisfactorily explained alone on the known greater 
instability of cystine when in peptide union, as has been previously 


‘noted in the several instances cited. In the tryptic digestions, 


however, other factors are involved which further contribute to 
the lability of the cystine. That the presence of trypsin itself is an 
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important factor is shown by the greater destruction of cystine 
when the casein was digested with trypsin than when digested 
with sodium hydroxide alone under identical conditions. With- 
out trypsin (Table V) the percentage destruction of the total 
cystine present in the digest at the start (9.9 mg.), as determined 
in the hydrolyzed digests, amounted to 38.4, 42.4, and 57.6 per 
cent after 24, 48, and 72 hours digestion, respectively. When 
trypsin was used (Table II) the destruction of the total cystine 
(9.9 mg. in the casein plus 5.04 mg. in the trypsin) for the same 
periods was 69.9, 88.0, and 90.6 per cent. It is evident that most, 
if not all, of the trypsin cystine was decomposed, and that there 
was a much greater destruction of the casein cystine than in the 
case when trypsin was absent. 

As has been already pointed out, the lability of cystine in 
alkaline solutions is increased by the action of products of side 
reactions. During tryptic digestion of a protein the formation 
of many different products takes place, which may well effect 
reduction of the disulfide linkages. 

The results of the digestion experiments show clearly that 
cystine is readily liberated from casein by tryptic digestion. 
When the digestions were conducted at pH 8 to 9, 31 per cent of 
the cystine of the casein was found free in the digest at the end of 
4 hours (Table I). This amount, however, does not represent all 
the cystine liberated. It merely represents the portion that 
escaped destruction by the alkalinity of the digest. At the end of 
24 hours, 25.2 per cent cystine was found in the digest. After 
hydrolysis of the digest with 20 per cent hydrochloric acid, 45.4 
per cent (Table II) of the cystine was found in the hydrolysate. 
Since the trypsin cystine was practically all destroyed, the amount 
of casein cystine decomposed during the 24 hour digestion would, 
therefore, be 54.6 per cent. This amount plus that of the free 
cystine found in the digest gives 79.8 per cent as the amount of the 
casein cystine actually liberated in 24 hours. 

The ease with which cystine was liberated when the digestions 
were carried out either in neutral or acid media is quite note- 
worthy (Table VI). Up to 72 hours almost as much cystine was 
liberated at pH 6.8 as at pH 7. With longer digestion periods the 
percentages of cystine liberated at pH 6.8 were definitely higher 
than those liberated at pH 7. At pH 7, however, the increase in 
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values during each succeeding digestion period becomes less and 
less up to 144 hours. Thereafter, the amount of free cystine 
found in the digests gradually diminished. These results show 
that even at neutrality some destruction of cystine was taking 
place. At the lower pH reactions there was no indication of cys- 
tine destruction. All the cystine was liberated, although at defi- 
nitely slower rates as the acid concentration increased. 


SUMMARY 


Cystine is readily liberated from casein on tryptic digestion at 
pH 8 to 9. A large part of the casein cystine, however, is de- 
stroyed during the digestion by the alkalinity of the digest. When 
the amount destroyed is taken into account, it is estimated that 
nearly 80 per cent of the casein cystine is liberated in 24 hours. 

When the digestions were conducted at slightly acid reactions, 
cystine was also quite readily and completely liberated, although 
at a slower rate than when the digests were alkaline. There was 
no destruction of cystine. About 40 per cent of the casein cystine 
was liberated in 24 hours at pH 6.6 to 6.8. At pH 6.8 nearly all 
the cystine was liberated in 120 hours, while 168 and 216 hours 
were required when the digestions were conducted at pH 6.6 and 
6.2, respectively. 

A number of interesting observations were made on the instabil- 
ity of cystine under different conditions: 

1. Cystine in protein (casein) is much less stable toward dilute 
alkali than free uncombined cystine. 

2. The destruction of cystine in tryptic-casein digests at pH 8 
to 9 is greatly increased when free cystine is added to the digests. 

3. The destruction of the cystine in casein at pH 8 to 9 is much 
greater in the presence of trypsin than when the casein is digested 
with alkali alone at the same pH. 

4. In the casein-tryptic digestions at pH 8 to 9 practically all 
the cystine of the commercial trypsin used was also destroyed. 
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THE PANTOTHENIC ACID REQUIREMENT OF 
THE CHICK 


By THOMAS H. JUKES 


(From the Division of Poultry Husbandry, College of Agricullure, University 
of California, Davis) 


(Received for publication, April 19, 1939) 


It was reported (1) that a preparation of pantothenic acid (2) 
prevented dermatitis (3) and promoted growth in chicks fed a 
heated diet (4, 5) of natural foodstuffs. The present communica- 
tion reports further experiments with the same preparation and 
with another sample of pantothenic acid also kindly supplied by 
Dr. R. J. Williams. 

In the previous report (1) it was noted that concentration of 
yeast growth-promoting activity (pantothenic acid activity) 
from fresh liver proceeded at the same rate as the concentration 
of chick “filtrate factor’ activity. The present investigation 
confirms this finding and points to the conclusion that pantothenic 
acid, as prepared from liver by Williams and coworkers (2), is 
identical with the filtrate (chick antidermatitis) factor (chick 
antidermatosis vitamin (6)). 


EXPERIMENTAL 


The method of biological assay (5) was unchanged, except that 
cod liver oil was replaced by a mixture of 1.7 parts of cottonseed 
oil and 0.3 part of a fish oil blend supplying 3000 v.s.P. units of 
vitamin A and 400 chick units (Association of Official Agricultural 
Chemists) of vitamin D per gm. 

Sample 1 of pantothenic acid consisted of the crude calcium 
salt described previously and containing 1600 yeast growth units 
per gm. Sample 2 was a purified preparation stated by Dr. R. J. 
Williams to contain 9000 yeast growth units per gm. 

Supplements were dissolved in water and incorporated in the 
heated diet (Diet 80-G) which readily takes up water to levels of 
5 per cent with evolution of “heat of wetting.” 
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In Experiment 1, Sample 1 was compared with a rice bran filtrate 
which had been found to produce maximal growth response when 
fed at a level of 3.5 cc. per 100 gm. of diet. When maximal growth 
response is produced under the conditions of assay, the diet is said 
to contain at least 100 filtrate factor units per 100 gm., lower 
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Fie. 1. Measurement of filtrate factor activity of pantothenic aeid, 
Sample 1, containing 1600 yeast growth units per gm. ‘The chicks were 
fed a normal diet for the first 7 days, then depleted on the basal diet for 13 
days, following which they were divided into experimental groups. Six 
chicks were used in each group. At the end of the experimental period, all 
of the chicks on the basal diet had severe dermatitis and there were two 
mild cases of dermatitis (regressing) in each of the other two groups. The 
average daily feed consumption per bird was 5.7 gm. on the basal diet, 11.4 
gin. on the pantothenic acid-supplemented diet, and 15.7 gm. on the positive 
control diet. Supplements added to 100 gm. of diet are indicated above 


the curves. 


growth responses being approximately proportional to the level of 
filtrate factor fed (5). The results of Experiment 1 are shown in 
Fig. 1. The rice bran filtrate was fed at a level of 4 ee. per 100 
gm. of diet in order to produce a maximal growth response. The 
filtrate factor activity (5) of Sample | was hence ((46 — 1) « 100)/ 
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((78 — 1) & 7) units per mg. = 8.4 units. The ratio of chick 
units to yeast growth units was 8.4 :1.6 = 5.2: 1. 

In Experiment 2, Sample 2 was compared with the rice bran 
filtrate. The results are shown in Fig. 2. Sample 2 when fed at a 
level of 2 mg. per 100 gm. of diet was able to replace rice bran 
filtrate completely as a supplement to the heated diet as judged 
by promotion of growth and prevention of dermatitis. Since 
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Fic. 2. Growth curves of chicks on heated Diet 80-G with various supple- 
ments. Six chicks were used in each group. The chicks were kept on a 
normal diet for the first 4 days after hatching, following which they were 
depleted on the heated diet for 5 days. The birds were then divided into 
assay groups, and fed the supplemented diets. At the end of the assay 
period four chicks in Group 3 had pronounced symptoms of dermatitis. 
No cases of dermatitis appeared in the other two groups. The average 
daily feed consumption per bird was 9.8 gm. for Group 1 (Curve 1), 9.2 gm. 
for Group 2 (Curve 2), and 4.8 gm. for Group 3 (Curve 3). Supplements 
added to 100 gm. of diet are indicated above the curves. 
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2 mg. produced maximal growth, the minimal filtrate factor 
activity of Sample 2 was 50 units per mg., and the chick to yeast 
ratio was at least 50:9 = 5.6: 1. 

experiment 2 demonstrated that Sample 2 when fed at a level 
of 2 mg. produced growth equal to that obtained on the positive 
control diet. Hence the 2 mg. level was in excess of the needs of 
the chick. It was therefore necessary to feed Sample 2 at a lower 
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level in order to evaluate its chick potency more accurately. In 
Experiment 3, Sample 2 was fed at a level of 1.5 mg. per 100 gm. 
of diet, and the growth was compared with that obtained with 
levels of 0, 1, 3, and 4 ec. of rice bran filtrate per 100 gm. of diet. 
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Fic. 3. Measurement of filtrate factor activity of pantothenic acid, 
Sample 2, containing 9000 yeast growth units pergm. The chicks were fed 
a normal diet for the first 10 days, then depleted on the basal diet for the 
following 12 days, following which they were divided into experimental 
groups. Eight chicks were used in Groups 1, 2, 4, and 5 and six chicks in 
Group 3. At the end of the experimental period there were no cases of 
dermatitis in Group 1 (positive control), one case in each of Groups 2 and 3, 


six cases in Group 4, and eight casesin Group 5. The filtrate factor content | 


of pantothenic acid, Sample 2, was calculated from these results as being 
((47 — 4) & 100)/((57 — 4) & 1.5) = 54 units per mg. The average daily 
feed consumption per bird was 17.3 gm. for Group 1, 15.0 gm. for Group 2, 
14.5 gm. for Group 3, 10.5 gm. for Group 4, and 7.2 gm. for Group 5. Sup- 
plements added to 100 gm. of diet are indicated above the curves. The 
numbers on the curves represent the respective groups. 


The results are shown in Fig. 3. Table I summarizes the results 
of the present investigation and of the preceding report (1). 
The destructive effect of acids upon pantothenic acid has been 
described by Williams and coworkers (2). Filtrate factor con- 
centrates were hence examined for acid lability as follows: A 
filtrate factor concentrate was prepared by extracting liver extract 
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powder (Lilly, No. 343) with dry acetone, evaporating the acetone, 
and taking up the residue with absolute ethanol. The ethanol 
solution was assayed and was found to contain about 40 per cent 
of the filtrate factor activity of the original, liver extract powder. 
An aliquot of the ethanol solution was saturated with dry, hydro- 
gen chloride gas. The solution stood for 2 hours at room tempera- 
ture. It was then neutralized and assayed and the filtrate factor 
activity was found to have disappeared. 

An adsorbate was prepared by treating rice bran filtrate with an 
equal weight of charcoal at pH 1.8 at room temperature. The 
adsorbate was washed repeatedly with distilled water and then 
eluted with aleohol. The eluate was concentrated under reduced 


TABLE | 


Summary of Experiments on Pantothenic Acid Activity 


Panto- 


No. 
units per mg. 
From previous l At least 8.4 | At least 5.2:1 
communication 
(1) 
8.4 §.2:1 
2 At least 50 At least 5.6:1 
3 2 6.0:1 


pressure and taken up with water to give a solution containing 
40 filtrate factor units per ec. 1 cc. of the eluate solution was 
derived from 2.7 ec. of rice bran filtrate, which contained about 30 
units per cc. 25 cc. of the eluate solution were boiled beneath a 
reflux condenser for 2 hours with 3 ee. of 5 N hydrochlorie acid. 
The solution was cooled and neutralized with sodium hydroxide. 
It was assayed with chicks and found to be devoid of potency. 

A concentrate, prepared from yeast, was evaporated to dryness 
under reduced pressure and taken up with glacial acetic acid. 
The solution was allowed to stand for 3 days at room temperature, 
and sodium hydroxide solution was then added until the pH was 
about 6. The resulting solution was assayed with chicks. No 
diminution in potency could be detected. 
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DISCUSSION 


Willams, Weinstock, Rohrmann, Truesdail, Mitchell, and 
Meyer (2) described the following properties for pantothenic acid: 
absence of amino, aldehydic, ketonic, and aromatic groups; 
resistance to treatment with bromine, nitrous acid, hydrogen per- 
oxide, or acetic acid; lability to acid, alkali, and acid alcohol; and 
a dissociation constant of 3.9 K 107°. The following properties 
have been observed in the case of the filtrate factor: resistance to 
treatment with bromine, nitrous acid, hydrogen peroxide, silver ox- 
ide, alkaline copper hydroxide, thus indicating the absence of am- 
ino, aldehydic, and ketonic groups; lability to alkali; a dissociation 
constant of between 2 K 107° and 5 & 107° (5, 7, 8); lability to 
acid alcohol and to hot aqueous hydrochloric acid; stability to 
acetic acid (present investigation). The stability to acetic acid 
is consistent with the observation that the factor is an acid slightly 
stronger than acetie acid. Williams (9) found that pantothenic 
acid contained #-alanine. Woolley and coworkers (10) showed 
that the filtrate (chick antidermatitis) factor contained $-alanine, 
and drew further attention to the similarity in chemical properties 
between pantothenic acid and the filtrate factor. 

The similarity in properties and the constancy in the ratio of 
chick activity to yeast-growth activity point to the conclusion 
that the factors are identical. 

Sample 2 contained 54 chick units per mg. (Experiment 3). 
Since the yeast growth potency of the sample was 9 units per mg. 
as compared with 12 units per mg. for pure pantothenic acid (2), 
it is indicated that 1 chick “filtrate factor unit” (5) corresponds 
to 14 micrograms of pure pantothenic acid, and hence that the 
requirement of the chick is about 1.4 mg. per 100 gm. of diet. 

It should be borne in mind that the name pantothenic acid 
was originally assigned (11) rather on the basis of biological ac- 
tivity than ef chemical individuality. The possibility remains 
that more than one molecular species may possess “‘pantothenie 
acid activity.”’ A familiar example of such a situation exists in 
the case of the D vitamins. 


SUMMARY 


1. Chemical and biological evidence points to the conclusion 
that pantothenic acid, as prepared from liver by Williams and 
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coworkers (2), is identical with the filtrate (chick antidermatitis) 
factor. 


2. It is estimated that the requirement of the chick for panto- 


thenic acid is in the neighborhood of 1.4 mg. per 100 gm. of diet. 


The writer is deeply indebted to Professor R. J. Williams, whose 


kindness in supplying samples of pantothenic acid made this in- 
vestigation possible. 
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VISCOSIMETRIC STUDIES ON THE TOBACCO MOSAIC 
VIRUS PROTEIN. I 


By VERNON L. FRAMPTON 


(From the Department of Plant Pathology, New York State College 
of Agriculture, Cornell University, Ithaca) 


(Received for publication, March 2, 1939) 


Bawden and Pirie (1) and Takahashi and Rawlins (2) observed 
that the tobacco mosaic virus protein (a mesomorphic protein 
isolated by Stanley (3) and which apparently is closely associated 
with the disease) has the property of showing streaming double 
refraction to a rather marked degree. The interpretation is that 
the particles are anisodimensional. 

A very important set of properties of colloid systems in which 
the influence of shape of the dispersed particles is felt is in the 
mechanical properties—among other things anisodimensional par- 
ticles have a pronounced effect on the viscosity. It has been 
commonly observed that in sols of anisodimensional particles there 
is no proportionality between the velocity of flow of the fluid 
through a capillary tube and the pressure gradient along the tube. 
Such a proportionality is found in normal liquids and solutions; 
v.e., the viscosity is constant and independent of the rate of stream- 
ing so long as the streaming is laminar. The suggestion has been 
made that this lack of proportionality in abnormal solutions may 
be accounted for on the assumption of the presence of particles 
or aggregates that may be oriented, deformed, or deflocculated 
by shearing stresses, depending on the shape and structure of the 
particle. This research has to do with a study of the viscosity of 
sols of the tobacco mosaic virus protein. 


Methods 


The viscometer used in this work was an adaptation of the 
viscometer described by Ostwald (4). The apparatus is shown 
in Fig. 1. The solution is added to the one arm of the viscometer; 
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it is permitted to flow through the horizontal capillary tube at the 
bottom and then up the other side. Some of the data were ob- 
tained by observing the heights of the menisci at intervals of time 
with a suitable telescopic arrangement; other data were obtained 
by photographic means. Calculations of viscosity were carried 
out as indicated below. 

Differentiating the volume of flow against time in the Poiseuille 
equation, we obtain 


dV _ art pgh (1) 
dt Snl 


In the viscometer, the volume of flow is given by 


wile? 
V = 3 2 
(2) 


Fig. 1. Apparatus used in the studies on viscosity 


On differentiating Equation 2 and combining it with Equation 1, 


we obtain 
1 dh 


On integration 


4 
pgrt(t, — (4) 
41R? log 


In the above equations r = radius of capillary tube, R = radius 
of vertical tube, p = density of fluid, » = viscosity, 1 = length 
of capillary tube, A = difference in height of menisci, t = time in 
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seconds, g = gravitational acceleration, V = volume of flow in 
time t. The values of r, R, and 1 respectively for the viscometer 
are 0.02185 em., 0.473 ¢m., and 20.2 em. 

The requirement is that (tg — t,)/log (h,/h2) be a constant for 
the normal liquids. The objective was the determination of rela- 
tive viscosities and not necessarily absolute viscosities. However 
that may be, if one substitutes in Equation 4 the various values 
for the constants r, R, l, ete., he may obtain values for the absolute 
viscosity. Uncorrected values of the viscosity of water at 25° 
are given in Table I. The agreement with the accepted value 
of 0.0089 is not all that might be desired, but what is important, 
from the point of view of relative viscosity determinations, is that 


TABLE | 
Viscosity of Water ai 25° 


ty ts Ay hz 
sec. em. cm. 

0 540 10.16 4.885 0.00905 
180 725. 7.922 3.787 0.00906 
360 900 6.207 3.018 0.00919 
1080 4.885 2.344 0.00903 
725 1260 3.787 1.842 0.00911 
900 1440 3.018 1.440 0.00896 

1080 1620 2.344 1.127 0.00906 
1260 1980 1.842 0.689 0.00899 
1440 2340 0.429 0.00912 


the viscosity is constant. 


1.440 


Relative viscosities may be obtained by 
a comparison of the numerical value of p(t2 — t,)/log (hi/he) for 


the solution in question with that of the reference solution. 


Preparation of Materials 


The mesomorphic virus protein was obtained from  burley 
tobacco plants that had been diseased with Johnson’s tobacco 
mosaic virus No. 1, and which had grown in the greenhouse. 
Preparation | was obtained according to a method devised by 
B. M. Duggar. The leaves were removed from the plant, frozen, 
and subsequently thawed, and the plant sap extracted by means 
of a hydraulic press. The pH of the plant sap was adjusted to 
7 by means of phosphate buffer and was then heated to 55° for 
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10 minutes. The sap was cooled rapidly, 10 per cent by weight 
of vegetable charcoal was added, and the mixture filtered on a 
Buchner funnel. The protein, was precipitated from the colorless 
opalescent filtrate by the addition of ammonium sulfate to half 
saturation, and was filtered off through diatomaceous earth. The 
diatomaceous earth + protein was suspended in water, the pH 
adjusted to 8 with NaOH, and the filtration repeated. On the 
addition of ammonium sulfate to the opalescent filtrate, the typical 
spindle-shaped protein aggregates or paracrystals were observed 
to form. The protein suspension was again filtered through 
diatomaceous earth; the cake formed on the Buchner funnel was 
redispersed in buffer at pH 8, refiltered, and reprecipitated with 


‘ammonium sulfate. The precipitate was dispersed in water and 


dialyzed against running distilled water until Nessler’s reagent 
gave negative tests for ammonia. At this stage the sol began to 
separate into two layers,! the bottom one being spontaneously 
birefringent. The preparation was then electrodialyzed until the 
electrolyte content was sufficiently reduced to permit complete 
precipitation of the virus protein. The white amorphous protein 
mass was collected in centrifuge tubes. 

The method followed in obtaining Preparation II from diseased 
plants differed in two particulars from the method of Stanley (5); 
vegetable charcoal was used in clarifying the plant sap (at pH 7) 
and pH adjustments were made with the use of NaOH. Dialysis 
was carried out as indicated for Preparation I. 


EXPERIMENTAL 


The variable viscosity of Preparations I and II in phosphate 
buffer at pH 7 and at 25° is shown in Figs. 2 and 3, respectively. 
The values for the pressure gradient and for the apparent relative 
viscosities reported are necessarily average values. The limiting 
value for the apparent relative viscosities at the greater rates of 
shear are considerably larger than those obtained by means of the 
Ostwald viscometer and reported by Frampton and Neurath (6) 
and Lauffer (7) and still more so than those reported by Stanley (8). 

An interpretation of the anomalous viscosity shown by the 
tobacco mosaic virus protein that has suggested itself is that we 
are dealing with dynamically interdependent aggregates rather 


1 The layering was first observed by Bawden and Pirie (1). 
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Fic. 2. Viscosity studies on protein Preparation I. The solution for 
Curve E contained 4.3 mg. of protein per cc.; Curve D, 3.0 mg. per cc.; 
Curve C, 2.0 mg. per ce.; Curve B, 1.0 mg. per cc.; Curve A, 0.5 mg. per cc. 
The abscissa represents the apparent relative viscosity; the ordinate, 
pressure gradient in dynes per cc. 


.5 2.0 2.5 3.0 3.5 4. 


Fic. 3. Viscosity studies on protein Preparation II. Curve E represents 
2.87 mg. of protein per ce.; Curve D, 2.22 mg. per cc.; Curve C, 1.72 mg. 
per cc.; Curve B, 1.15 mg. per cc.; Curve A, 0.57 mg. perce. The abscissa 
represents the apparent relative viscosity; the ordinate, pressure gradient 
in dynes per ce. 
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than with isolated molecules. This suggestion finds support in 
the dependence of the viscosity of the sols on the pH of the dis- 
persion medium. The data shown in Fig. 4 are for a sol containing 
0.62 mg. of protein Preparation I per ce. in phthalate buffer. 
The data for pH 7 were calculated on the assumption of a propor- 
tionality between the specific viscosity and protein concentration, 
and the proportionality constants at the various pressure gradients 
were taken from Fig. 7. It will be noted that the anomaly in- 
creases as the pH is decreased from 6.37 to 5.15. At pH 4.15 the 
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Fic. 4. Variation of viscosity with pH. O represents pH 7.0, @ pH 6.37, 
@ pH 5.15, @ pH 4.15. The abscissa represents the apparent relative 
viscosity; the ordinate, pressure gradient in dynes per cc. 


aggregates became so large that flocculation began after the sol 
had been in the viscometer for about 10 minutes corresponding 
to a point at about 300 dynes per cc. (Tig. 4). 

It is reasonable to assume that a variable relative viscosity due 
to the orientation or deformation of elongated particles would be 
a mechanical effect and would be independent of the character of 
the dispersion medium. <A change in the extent of the anomaly 
with an alteration of the dispersion medium would, on the other 
hand, suggest that effects other than mechanical hindrance were 
responsible for the variation in viscosity. The argument may be 
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advanced that soaps form colloidal systems in water at relatively 
low concentrations, whereas in ethyl alcohol they give highly dis- 
persed systems at relatively high concentrations. The effect of 
glycine on some thixotropic systems is well known. 

The data for the apparent relative viscosities of protein Prepara- 
tion I dispersed in half saturated and saturated glycine are given 
in Curves B and C, respectively, of Fig. 5. The protein concen- 
tration in these two curves was the same, about 4 mg. per ce. 


S 
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2 3 

Fic. 5. Effect of glycine on the viscosity of the virus protein. Curve A 
represents a 4.3 per cent solution of serum albumin in water; Curve B, 
Preparation I dispersed in half saturated glycine; Curve C, Preparation I 


dispersed in saturated glycine. The abscissa represents the apparent 
relatively viscosity; the ordinate, pressure gradient in dynes per cc. 


The effect of glycine on the viscosity of the virus protein is 
immediate. The curves obtained immediately after the addition 
of the glycine are identical with those obtained after a period of 
hours. Curve A is for a 4.3 per cent solution of serum albumin 
in water; in this latter case the viscosity is normal. 

The biological activity of the protein preparation is not reduced 
on the addition of glycine, as indicated by tests on Phaseolus 
vulgaris. An average of 50 lesions was obtained per leaf with a 
protein sample that had stood in glycine at room temperature for 
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79 hours; on the other hand an average of twenty-four lesions was 
obtained with the control. The solutions contained 4 K 10°° gm. 
of protein per ec. <A protein preparation that had stood in satu- 
rated glycine for 2 months yielded three lesions per leaf at a protein 


concentration of 10-4 gm. per ce. 


The data for the variation of the apparent relative viscosity of 
the protein (Preparation I) dispersed in urea solutions are still more 


striking. Each of the curves presented in Fig. 6 was obtained 
with a sol containing 6.3 mg. of protein per cc. In the case of 
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Fic. 6. Effect of urea on the viscosity of the virus protein. The disper- 
sion media used were for Curve A, 0.1 Mm phosphate buffer at pH 7; Curve B, 
1 M urea + 0.1 mM phosphate buffer at pH 7; Curve C, the solution saturated 
with ureaat pH7. The abscissa represents the apparent relative viscosity ; 
the ordinate, pressure gradient in dynes per cc. 


i 


Curve A, the dispersion medium was 0.1 mM phosphate buffer at 
pH 7; in the case of Curve B, the dispersion medium was 1 M 
urea + 0.1 M phosphate buffer at pH 7; and in the case of Curve C 
the solution was saturated with urea at pH 7. These data were 
obtained after the protein preparation had stood in the urea solu- 
tions for 24 hours. The denaturation of the protein by urea is 
not rapid, but the effect of urea on the degree of anomaly in the 
viscosity is immediate and marked. 

An assumption that has been common with those working with 
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the plant viruses is that the quantity of active material present 
in a solution can be quantitatively determined from the number of 
local lesions produced on the leaves of the test plant.2 If this 
assumption be valid, neither urea (Table II) nor glycine imme- 
diately affects the quantity of active material. The physical state 
of the protein, as contrasted with the biologically active principle, 
is markedly changed. In addition to the effect on the viscosity 
of these preparations, the diffusion constant is very greatly in- 
creased in the presence of urea (9). It should be added that urea 
does denature the protein in time, and that the urea-denatured 
protein is inactive. 


TaBLe II 
Effect of Urea (6 m) on Biological Activity of Tobacco Mosaic Virus Protein 
The solutions contain 10~5 gm. per cc. 


_ Ratio of average No. of lesions 


_ per half leaf with urea-treated | Average No. of lesions per 


Time in urea | leaf with control 
| control 
hrs. 

20 1.34 60 
48 0.60 
72 0.55 
119 0.65 

8 1.25 a0 
19 1.28 
27 0.92 
0.50 


77 


It has been proposed that a rough estimate of the relative dimen- 
sions of the anisodimensional particles of this protein could be 
gotten from viscosity data. To this end the Kuhn (10) equation 
was used. Values of 1:37 (6) and 1:35 (7) were reported for the 
ratio of the short to the long axis of the particles which were 
assumed to be rod-like. According to Kuhn, for the ideal case 
of a rod-shaped particle, 


2 In some cases and with some viruses if the leaves of a suitable plant 
are rubbed with a solution containing active virus, local lesions appear 
on the rubbed leaves after an interval of time. 
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where n/n is the relative viscosity, ® is the fractional volume of 
the solute, and b/a is the ratio of the long to the short axis of the 
particle. 

In Figs. 7 and 8, respectively, the values of ((n/no) — 1)(1/®) 
for Preparations I and II are plotted against the average values 
of the pressure gradients along the capillary of the viscometer. 
The values for ® were calculated on the assumption of a partial 
specific volume of 0.73 and on the assumption of no hydration. 
The two curves are superimposable. The lowest value of 
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Fic. 7. © is for 4.3 mg. of protein per cc.; @, 3.0 mg. per ce.; @, 2.0 mg. 
per cc.; @, 1.0 mg. per ce.; ©, 0.50 mg. per cc. The abscissa represents 
((n/mo) — 1)(1/#); the ordinate, pressure gradient in dynes per cc. 


((n/no) — 1)(1/) obtained from these data is about 220; 85 was 
obtained with the Ostwald viscometer. 

' The attempts to determine the relative dimensions of the aniso- 
dimensional protein particles by means of viscosity measurements 
are based on the assumption that the particles are dynamically 
independent. The same assumption forms the basis of attempts 
to determine the particle weights by means of diffusion and ultra- 
centrifugal studies. The curves presented in Figs. 2 and 3 are 
typically those obtained for thixotropic systems wherein the par- 
ticles are not dynamically independent, and wherein they do not 
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behave in the manner demanded by the ideal laws of Stokes, Fick, 
and Poiseuille. It has been amply demonstrated (11) that for 
systems of this kind the velocity profile in the capillary of a capil- 
lary viscometer is that of a truncated parabola, and that viscous 
flow is obtained only at very low rates of shear. One of the 
primary assumptions in the derivation of the Kuhn equation was 
that of laminar streaming, wherein the velocity gradient normal 
to the direction of flow is in obedience of Poiseuille’s law.  Inas- 
much as these laws are not followed, the interpretations of viscosity 
data obtained by means of the standard Ostwald viscometer 
(6, 7, 12-14) are of questionable validity. 
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Kic. 8. @ is for 2.87 mg. of protein per ce.; ®, 2.22 mg. per ec.; @, 1.72 mg. 
per cc.; ©, 1.15 mg. per ce.; O, 0.57 mg. perec. The abscissa represents 
((n/no) — 1)(1/); the ordinate, pressure gradient in dynes per cc. 


Further evidence for the thixotropie character of the system 
made up of the virus protein in water may be obtained by dropping 
a small sphere through a quiescent sol that shows a slight bire- 
fringence. As observed through crossed polaroid plates, the 
sphere is observed to leave a trail in its wake ~a trail that persists 
indefinitely. The persistence of the orientation of the anisodi- 
mensional aggregates, after flow has ceased, is evidence that 
Brownian movement is curtailed and that the quiescent system is 
solid. Thus, the interpretation of the data obtained from physical 
studies-—diffusion, viscosity, sedimentation—becomes obscure. 
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Obviously diffusion data may not be interpreted in terms of 
particle weights, and it seems likely that the phenomenon ob- 
served in the ultracentrifuge is not due to the sedimentation of 
discrete particles, but rather to the compression of an elastic 
structure. The author is not satisfied that the interpretation of 
these various data in terms of macro protein molecules is free from 
ambiguity. 


SUMMARY 


1. An adaptation of the Ostwald viscometer is described. 

2. Sols of the virus protein show a marked anomalous viscosity 
which increases on decreasing the pH of the solution. 

3. The anomaly shown by sols of the virus protein is greatly 
reduced in the presence of urea and glycine. 

4. The virus activity of the virus is not immediately affected 
on the addition of urea or glycine. 

5. The application of the Kuhn equation to this protein has 
been shown not to be valid. 
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VITAMIN INTERRELATIONSHIPS 


I. INFLUENCE OF AVITAMINOSIS ON ASCORBIC ACID CONTENT 
OF VARIOUS TISSUES AND ENDOCRINES* 


By BARNETT SURE, R. M. THEIS, ano R. T. HARRELSONT 


(From the Department of Agricultural Chemistry, University of 
Arkansas, Fayetteville) 


(Received for publication, April 15, 1939) 


As a continuation of our investigations on the influence of 
avitaminoses on the oxidation-reduction mechanism of the animal 
organism, we have studied during the past 3 years the ascorbic 
acid content of various tissues and endocrines in several vitamin 
deficiency diseases. 

Although the rat on satisfactory diets synthesizes ascorbic acid, 
we have found considerable reductions of this vitamin in certain 
tissues and endocrines in vitamin A, vitamin B,, and riboflavin 
deficiencies, thus establishing a definite vitamin interrelationship. 
The results of these studies are summarized in Tables I to IV 
inclusive. 

The preparation of tissue extracts and methods of ascorbic acid 
determination have been recently described elsewhere (1). It 
should be mentioned here, however, that the micromethod 
of Farmer and Abt (2) developed for blood was adopted for 
endocrines. | 

The composition of the vitamin A- and vitamin B,-deficient 
diets has been given in a recent issue of this Journal (3). However, 
in the repeated vitamin A depletion experiments the ration was 
modified so that 15 per cent Crisco replaced an equivalent amount 
of dextrin, in order to insure a sufficiency of vitamin E. Ribo- 
flavin deficiency was produced according to the technique of 
Day and coworkers (4). 50 per cent of the pathological animals 
developed cataract. Vitamin Bs deficiency was produced on a 


* Research paper No. 621, Journal series, University of Arkansas. 
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diet deficient in all the components of the vitamin B complex, 
supplemented by daily doses of 20 micrograms of thiamine and 
20 micrograms of riboflavin. On this ration the pathological 
animals either showed prolonged maintenance or lost 14 to 37 
per cent of the body weight, and seven out of sixteen avitaminotic 
rats developed acrodynia. When the vitamin Bs experiments 
were completed, the W factor of Elvehjem and associates (5) 
was not yet recognized and we were not certain at that time 
whether the chick antidermatitis or filtrate factor of Lepkovsky 
and Jukes (6) should be incorporated in the rat’s diet. 

In all the vitamin A, B,, and Bs studies the paired feeding tech- 
nique was carried out (7). The control animals either received 
the same amount of food or were restricted to the same plane of 
nutrition as the pathological litter mates of the same sex. The 
pathological animals on the riboflavin-deficient diets ingested 
their food intake ad libitum. 

Hitherto biochemical changes in avitaminoses were studied in 
animals that were allowed to exhaust their vitamin. reserves 
during varying stages of a single depletion period. Since Dr. 
Opper of this department found a vascular disease in the rat by 
multiple depletions of vitamin A, not encountered in single vitamin 
depletions (8), it was thought that possibly additional losses of 
vitamin C might occur in vitamin A and B, deficiencies after 
repeated depletions. By this technique we have kept several 
dozen groups of vitamin B,-deficient animals alive and in a chronic 
state of avitaminosis (9) for 6 to 10 months, some animals having 
had as many as eight depletion periods. During the terminal 
stage of marked paralysis and convulsions 10 micrograms of 
thiamine were found sufficient for recovery of all with the exception 
of one case. The technique used for producing multiple vitamin 
A depletions was the one recently described by Opper (38). 


DISCUSSION 


To conserve space, all detailed data have been summarized and 
the final results are expressed as per cent change in the pathological 
animals compared with their litter mate controls. Because of the 
fluctuations found in the various groups, the per cent of the animal 
groups showing decrease, increase, or no change are also indicated, 
in order that the data could be more critically evaluated. 
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Influence of Fasting on Ascorbic Acid Content of Tissues and 
Endocrines— Since inanition plays a significant réle in progressive 
stages of vitamin B, deficiency, it was of interest to determine the 
influence of fasting on the ascorbic acid content of tissues and 
endocrines. One animal was fasted for 4 days, one for 7 days, 
two for 10 days, and one for 11 days. The results on each animal 
that was fasted were compared with those of a litter mate control 
which received our stock Diet 1 (10) ad libitum. The findings 
were definite and consistent. Fasting for as long as 10 to 11 days 
showed no effect on the concentration of ascorbie acid in the heart, 
liver, kidney, lung, spleen, adrenals, thymus, thyroids, and 
pituitary. 

Influence of Supplementing Stock Diet 1 with Ascorbic Acid on 
Concentration of This Vitamin in Various Tissues and Endocrines 
In order to determine whether the addition of large amounts of 
ascorbic acid to the daily diet of rats on our stock diet (10) (on 
which we have reared over 95 per cent of our young for the past 
19 years) could influence the vitamin C content of tissues and 
| endocrines, the following study was carried out. Three groups of 
| animals in pairs were given daily 4 mg., 8 mg., and 16 mg. of pure 
crystalline ascorbic acid (Merck), respectively, for 66 days. 
After this period the rats were sacrificed and the ascorbic acid 
determined in the lung, liver, kidney, and heart. At the same 
time litter mates were sacrificed that received the same diet but 
without ascorbic acid supplementation, and the same tissues were 
analyzed for vitamin C. The amounts of ascorbic acid furnished 
were 8 to 32 times the prophylactic daily antiscorbutie dose for 
the guinea pig, and still in the normal rat on a satisfactory diet 
such large additions exerted no effect on concentration of ascorbic 
acid in the tissues. It is quite evident, then, that neither alimen- 
tation nor amount of food consumed has any influence on the 
ascorbic acid content of the rat tissue or endocrines. With such 
| results available, marked changes produced by avitaminotic 
states become very significant. 

Vitamin B, and Vitamin A Deficiencies (Tables I and II)— 
Whereas in vitamin B, deficiency the most pronounced reduction 
of ascorbic acid takes place in the lung, the changes in that tissue 
in vitamin A deficiency are insignificant. A reduction of 19 
and 23 per cent in the liver and kidney respectively in the majority 
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of the groups is also of importance. Repeated vitamin B, deple- 
tions showed greater losses of vitamin C in the liver and most 
notably in the kidney, in the latter organ 50 per cent greater re- 
duction having taken place in ascorbic acid because of multiple 
depletions. Repeated depletions of vitamin B, also showed a 
marked reduction (27.8 per cent) in the thymus gland. Un- 


TABLE I 


Influence of Vitamin B, Deficiency on Ascorbic Acid Content 
of Tissues and Endocrines 


| Average ascorbic 


pergm. fresh (Change | Animal groups showing 
Tissues or endocrines | groups 
| Patho- groupe | | No 
| logical Control Decrease Increase change 
Single depletion 

mg. omg. | | Per cent percent per cent 
18 0.14 0.16 | -14.3/ 44.4 50.0 5.6 
Liver. | 23 | 0.21 | 0.256 | —19.0') 65.2 | 30.4 | 4.4 
Kidney 19 0.13 | 0.16 | —23.0| 8.2 | 10.5 | 5.3 
0 | 0.20 | 0.97 | 90.0 | 0.0 | 0.0 
Adrenals.........:| 34 | 3.19 | 3.61 | —13.1/ 64.7 | 29.4 | 5.9 
Pituitary..........| 6 | 1.85 | 1.55 | +10.9| 16.7 | 83.3 | 0.0 
Thyroids | 0.28 0.31 | -10.7 44.4 | 22.3 | 33.3 

Repeated depletions 
0.07 | 0.08 | -14.3 67.0 | 21.5 | 21.5 
...| 14 | 0.18 | 0.26 | —44.4| 92.8 | 00] 7.2 
Kidney............. 14 | 0.08 | 0.14 | —75.0 |100.0 | 0.0 | 0.0 
| O82 | 14.3 | 00 
Thymus...... ...| 14 | 0.18 | 0.23 | —27.8| 71.4 | 28.6 | 0.0 
| | 3.47 | 40 | 42.8 | 35.7 | 21.5 
Pituitary........... 9 | 1.47 | 1.40 | 44.8] 33.3 | 55.6 | 11.1 


fortunately, no thymuses were taken for single vitamin B, de- 
pletions, hence no comparison can be made in the case of this 
endocrine. Since many of the thyroids and pituitaries were used 
for histopathological studies, we had only a few of these endocrines 
for vitamin C determinations. That multiple vitamin A deple- 
tions produced increased loss of ascorbic acid in the liver is also 
apparent. The reduction of vitamin C in all the endocrines is 


| 

H 
] 

L 

L 

C 

L 

A 
P 

H 

| K 
Li 

L 

Ey 

Sk 
T 

A 

Pi 

Tl 

| CO 
to 

In 

du 

| rec 


sure, Theis, and Harrelson 249 


also evident in the animals depleted of vitamin A repeatedly. 
However, additional data are necessary for the findings on the 
pituitary and thyroids to be conclusive (Table II). 


TABLE II 


Influence of Vitamin A Deficiency on Ascorbic Acid Content 
of Tissues and Endocrines 


Average ascorbic | 
acid per gm. fresh Change 
No. of tissue forall groups in patho-— 


Animal groups showing 


Tissues or endocrines 


groups | logical 
| | | Control Decrease Increase: 
Single depletion 

omg. mg. | percent percent percent per cent 

Heart... 9 | 0.0 | 0.42 | 77.7 | 181 1 
Kidney... 4 | 0.11 | 0.14 | —27.3} 75.0 | 0.0 | 25.0 
Liver........ 13 | 0.21 | 0.22 | —4.5| 54.6 | 38.1 | 7.3 
eee 18 | 0.19 | 0.20 | —5.3/} 72.6 | 22.2; 5.2 
Cerebrum... 5 | 0.20 | 0.22 | —5.0/ 80.0 | 200.0 | 0.0 
Lame:........ 4 | 0.25 | 0.25 | +0 | 25.0 | 50.0 | 25.0 
Thymus...... 4 | 0.29 | 0.36 | —24.1; 75.0 | 0.0 | 25.0 
Adrenals... 9 | 3.52 | 3.68 | —4.5| 75.0 | 25.0); 0.0 
Pituitary 4 | 1.20 | 1.30 | -—8.2| 75.0 | 0.0 | 25.0 
Thyroids . 4 | 0.25 | 0.23 | +4.0; 50.0 | 25.0 | 26.0 

Repeated depletions 

Heart 6 | 0.07 | 0.07 | +0 | 50.0 | 16.7 | 33.3 
Kidney _ 16 «0.15 | 0.19 | —26.6 | 68.7 | 18.8 | 12.5 
16 | 0.20 | 0.29 | —45.0 | 81.3 | 12.4 | 6.3 
Lung , 15 | 0.24 | 0.25 | —4.2| 46.6 | 40.0 | 13.4 
Spleen _ 7 | 0.43 | 0.43 | +40 | 57.1 | 42.9 | 0.0 
Eyes 10 $10.0 50.0 | 30.0 
Skeletal muscle 5 0.06 0.06 +0 40.0 40.0 | 20.0 
Thymus 12 | 0.2% | 0.31 | —19.2|) 75.0 | 16.6} 8.4 
Adrenals 16 | 3.15 | 3.64 | —12.4| 93.7 | 0.0 | 6.3 
Pituitary 7 | 1.05 | 1.382 | —25.8| 57.1 | 42.9 | 0.0 
Thyroids 5 0.26 0.30 80.0 0.0 | 20.0 


Riboflavin Deficiency (Table III)—The greatest losses of as- 
corbic acid in tissues occurred in riboflavin deficiency, which was 
to the extent of 41 to 45 per cent in the lung, kidney, and liver. 
In the endocrines, the thymus suffered the greatest change, a re- 
duction of 85.7 per cent. 
reduction. 


The thyroids showed a 20.7 per cent 
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The results on the endocrines need some comment. Frequently 
the thymus in the riboflavin-deficient animal was very small, in 
some cases not over 20 mg., hence greater difficulties were often 
encountered in obtaining as accurate titrations as with the larger 
thymuses of the heavier litter mate controls. On the other hand, 
similar situations arose in the case of the thymus in the animals 
that were depleted of vitamin B,; both once and repeatedly. 
We conclude that the tremendous reduction in ascorbic acid con- 
tent of the thymus gland in riboflavin deficiency compared with 
that found in vitamin B, deficiency is significant. A similar 
criticism may be applied to the titrations of the pituitary and 


TABLE III 


Influence of Riboflavin Deficiency on Ascorbic Acid 
Content of Tissues and Endocrines 


Average ascorbic 


acid pergm. fresh Change Animal groups showing 
_ : No. of tissue for all ZTrOUpS jn patho- 
Tissues or endocrines groups 
logical | Control ecrease Increas@ 
| | mg. | cent per cent 
ES ees 9 | 0.07 | 0.07 | +0 | 33.3 | 44.4 | 22.3 
Liver... 10 , 0.18 | 0.26 —44.4 90.0 10.0 0.0 
Kidney | 10 | 0.11 | 0.16 | —45.4/ 90.0 | 10.0 | 0.0 
Lung... | 10 | 0.17 | 0.24 | —41.2/ 80.0 | 20.0 0.0 
Thymus ...... 10 | 0.21 | 0.39 | —85.7| 90.0 | 0.0 | 10.0 
Adrenals... | 3.63 | 3.95 | 50.0 40.0 10.0 
Pituitary | | 1 | 1.19 | 1.144 | 0.0 | 30.0 0.0 
Thyroids....... 10 | 0.29 | 0.35 | —20.7/} 80.0 | 20.0 0.0 


thyroids (in the various avitaminoses) which frequently weighed 
only 2 to 4 mg. in the avitaminotic animals. The lack, however, 
of uniformly great losses of vitamin C in these endocrines in the 
pathological animals of the various avitaminoses would point 
against errors inherent in the micromethod of titration. 

Vitamin Bs Deficiency (Table IV)—Since the results of these 
studies are expressed as mg. of ascorbic acid per gm. of fresh tis- 
sue, it might be argued that the greater weights of the control 
animals than the pathological, which influenced substantially the 
weights of the tissues and endocrines, had a determining influence 
on their ascorbic acid content. That this is not the case is clear 


° | 
| 
( 
| 

I 
K 
L, 
A 
P 
T 
| lo 
| in 
Is 

a 

A 

cle 
as 

ar 
CoO 
| da 


Sure, Theis, and Harrelson 251 


from the results obtained in vitamin Bg deficiency. In this avi- 
taminosis large differences in body weight, and therefore respective 
differences in weights of tissue and endocrines, were observed 
between the pathological and control rats; yet, no noteworthy 
changes were found in ascorbic acid in any of the tissues or endo- 
crines in this deficiency disease. 

From the nature of the results reported in this paper it is evident 
that one avitaminosis, produced on a diet satisfactory in every 
respect with the exception of one vitamin, leads to exhaustion of 
the reserves of another vitamin. Since the rat, which is recognized 
to synthesize vitamin C or ascorbic acid, suffers such tremendous 


TABLE IV 


Influence of Vitamin Be Deficiency on Ascorbic Acid 
Content of Tissues and Endocrines 


Average ascorbic 
acid per gm. fresh Change © Animal groups showing 
Tissues or endocrines _ tissue for all groups | in patho- 
(16 groups in each) | logical 

hes | Control | Decrease | Increase | 

mg. mg. | percent | percent per cent 
meemey......... 0.10 0.10 £=+0 | 37.5 | 62.5 | 0.0 
—-5.5 | 5.0 50.0 | 0.0 
Adrenals... ae 2.97 | 2.94 | +1.0 | 31.2 | 62.5 | 6.3 
0.24 0.23 | +4.1 | 43.7 0.0 63 


losses of this vitamin in vitamin B, and riboflavin deficiencies, and 
in multiple vitamin A deficiency, the question arises, does the 
human beriberi victim require greater amounts of ascorbic acid? 
Is this also true of the numerous cases of mild beriberi in this 
country among infants, growing children, and adults? Also, 
are greater needs of vitamin C indicated in human cases of vitamin 
A deficiency? That human cases of vitamin A deficiency often 
do not respond to vitamin A therapy, unless supplemented by 
ascorbic acid or riboflavin, has been recently reported by Kimble 
and Gordon (11). Findings of this nature should be taken into 
consideration by practicing physicians and clinicians in their 
daily experiences with vitamin therapy. 
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SUMMARY 


1. Fasting for as long as 10 to 11 days’produces no changes in 
the concentration of the ascorbic acid content of tissues or endo- 
erines in the albino rat. 

2. The ingestion of 4 to 16 mg. of ascorbic acid per day by the 
rat on a satisfactory diet does not result in an increase of the con- 
centration of this vitamin In tissues or endocrines. 

3. In vitamin B, deficiency the most significant changes in 
ascorbic acid were found in the lung, kidney, and liver, as follows: 
lung —35.0 per cent, kidney —23.0, liver —19.0. Repeated 
vitamin B, depletions produced additional heavy losses of vitamin 
C in the kidney and liver: kidney —75.0 per cent, liver —44.4. 
Of the endocrines the only significant change was 27.8 per cent 
reduction in the thymus. 

4. In vitamin A deficiency the only changes in ascorbic acid 
found were: heart, nine groups, —20.0 per cent; kidney, four 
groups, —27.3; and thymus, four groups, —24.1. However, 
there were too few groups for the kidney and thymus for the 
results to be considered conclusive. In multiple vitamin deple- 
tions, however, sufficient groups (twelve to sixteen) were available 
for the kidney, liver, thymus, and adrenals to demonstrate 
positively the following changes: kidney —26.6 per cent, liver 
—45.0, thymus —19.2, and adrenals —12.4. In seven groups 
in which the pituitaries and five in which the thyroids were 
studied, —25.8 and —15.3 per cent were found respectively. 

5. In riboflavin deficiency the following losses of vitamin C in 
endocrines and tissues were found. They represent the greatest 
reductions of ascorbic acid in single vitamin depletions: liver 
—44.4 per cent, kidney —45.4, lung —41.2, thymus —85.7, 
and thyroids —20.7. No changes were observed in the adrenals 
or pituitary. 

6. In vitamin Bs avitaminosis only, no noteworthy changes 
occurred in ascorbic content of either tissues or endocrines. 
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THE EFFECT OF UREA AND SODIUM CHLORIDE 
ON THE COLORIMETRIC DETERMINATION OF 
ORGANIC PHOSPHATE BY KING’S METHOD 


By JAMES J. RAE ann EDNA V. EASTCOTT 
(From the Department of Chemistry, University of Toronto, Toronto, Canada) 


(Received for publication, April 10, 1939) 


In an attempt to isolate phosphoric esters from normal human 
urine anomalous values for the organic phosphate present in con- 
centrated solutions at various stages in the procedure led us to 
suspect the presence of interfering substances. Since the method 
used for determining the organic phosphate depends upon the 
action of a reducing agent in an acid solution, any substance that 
altered the acidity or reacted with the reducing agent would be 
likely to affect the results. The substances present in amounts 
sufficient to cause interference are urea and sodium chloride. 

The procedure recommended by King! for the determination of 
organic phosphate consists in oxidizing the phosphate in the ma- 
terial to inorganic phosphate by means of perchloric acid and then 
subtracting from this value the amount of inorganic phosphate 
present before digestion. This difference is referred to as organic 
phosphate. The inorganic phosphate in the solution is estimated 
colorimetrically by adding | ml. of 60 per cent perchloric acid, 
1 ml. of 5 per cent ammonium molybdate, and 1 ml. of an 0.1 per 
cent aminonaphtholsulfoniec acid solution containing 6 per cent 
sodium bisulfite and 1.2 per cent sodium sulfite. The solutions are 
then diluted to 15 ml. in volumetric flasks. The colors are 
compared, after 20 minutes, with a standard inorganic phosphate 
solution. The source of organic phosphate used in the follow- 
ing experiments was sodium glycerophosphate and 0.100 mg. of 
phosphorus as sodium glycerophosphate was added as indicated 
in Tables I to VII. 


' King, E. J., Biochem. J., 26, 292 (1932). 
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EXPERIMENTAL 


Since the concentration of perchloric acid is an important factor, 
preliminary experiments were carried out with both inorganic and 
organic phosphate to determine the effect of acidity on the develop- 
ment of the blue color due to phosphate. The results of these 
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Fic. 1. Relation between acidity and determination of inorganic phos- 
phate. The lower curve shows the blue color development with no phos- 
phate added. 
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Fic. 2. Relation between acidity and determination of organic 
phosphate. | 


experiments are shown graphically in Fig. 1 Gnorganic phosphate) 
and Fig. 2 (organic phosphate). To each tube 0.100 mg. of phos- 
phorus, either inorganic or organic, was added. The peculiar 
effect of acidities between 0.1 and 0.3 Mo is difficult to explain but 
may be due to the presence of silicomolybdic acid which gives a 
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blue color at low acidities. The lower curve in Fig. 1 shows the 
blue color development when no phosphate is added. The con- 
centration of acid in the samples as usually made up is 0.6 M. 
Acidities from 0.4 to 1.2m will not affect the blue color develop- 
ment, but values obtained when the acidity ts below 0.35 M are 
unreliable. 

The effect of time of digestion on the determination of organic 
phosphate is shown in Table I. From these results it can be seen 
that even | hour at 200° causes no appreciable decrease in acidity. 

The effect of urea and sodium chloride on the colorimetric de- 
termination of organic phosphate is shown in Table II. The 
tubes were all digested for 20 minutes in an oil bath at 200°. 
This procedure was adhered to in all subsequent experiments. 
The acidities were determined after digestion by making the 


TABLE I 
Effect of Time of Digestion on Determination of Organic Phosphate 


Organic phosphate 
Experiment No. Digestion time recovered Perchloric acid 
(0.100 mg. added) 


min, mg. M 
] 10 0.100 
2 15 0.099 
3 20 0.100 0.6 
4 60 0.099 0.6 


samples up to 15 ml. and titrating 3 ml. till pink to phenolphtha- 
lein, with 0.5 N sodium hydroxide. The remaining two reagents 
(ammonium molybdate and aminonaphtholsulfonic acid) were 
then added and the volume again adjusted to 15 ml. From these 
results it can be seen that 0.45 gm. of urea (this corresponds to 0.5 
M urea in the tubes when the colors are compared) causes inter- 
ference, whereas almost twice this amount of sodium chloride is 
needed before interference occurs. A mixture of the two seems to 
have an additive effect. The high value in Experiments 12 and 
16 will be discussed later. The control tubes (Experiments 
20 to 22) show no blue color. The most important observation 
in these experiments is that the acidity, in all cases where inter- 
ference occurs, is lowered to a value beyond the safe limit. 

Since in these digestions on the oil bath the tubes go dry during 
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the digestion, there is a possibility that the bulk of the precipitate 
formed may interfere with the digestion. To decide this point 
tubes containing various amounts of potassium perchlorate were 
digested with glycerophosphate for various times. The results 
are shown in Table III. These results show that mere bulk alone 
does not cause interference. 


II 
Effect of Urea and Sodium Chloride on Colorimetric Determination 
of Organic Phosphate 


Sodium Organic phosphate 


Experiment 'Ureaadded _chioride | 

gm. gm, mg. mg. M 
1 0.05 0.100 0.104 0.5 
2 0.09 0.100 0.102 0.5 
3 0.13 0.100 0.096 0.4 
4 0.18 0.100 0 .O82 0.3 
6 0.67 0.100 0) 0.1 
7 0.90 0.100 0 0.1 
0.05 0.100 0.100 0.5 
0.09 0.100 0.100 0.6 
10 0.13 0.100 0.100 0.5 
11] 0.18 0.100 0.112 0.5 
12 0.44 0.100 #£0O.117 Q.2 
13 0.66 0.100 0.097 0.01 
14 0.88 0.100 0 0.01 
15 1.76 0.100 0 ' 0.01 
16 0.09 0.18 0.100 0.166 0.3 
17 0.22 0.44 0.100 0 0.05 
18 0.45 0.44 0.100 0) 0.05 
19 0.45 0.88 0.100 0 Q.1 
20 0.90 0 0.1 
21 0.85 0 0.01 
22 0.45 0.44 0 0.05 


Since in the case of sodium chloride the acid formed by meta- 
thesis (7.e., hydrochloric acid) is volatile, perhaps the volatility 
of this by-product may be the cause of the interference observed 
in the case of salt. The results shown in Table IV illustrate that 
such indeed is the case. The boiling point of nitric acid is 86°, 
of hydrochloric acid 110°, and of acetic acid 118°. These results 
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show that when the acid formed in metathesis is a weaker oxidizing 
agent than perchloric acid (7.e., sulfuric acid) 20 minutes digestion 
is not long enough for the complete oxidation of the glycerophos- 
phate. This accounts for the low results in Experiment 7. The 
low results in the other cases are likely due to loss of acid by volatil- 


TABLE III 
Effect of Potassium Perchlorate 


| Organic phos- | 
Experiment No. KC1O, added Digestion time phate recovered | Perchloriec acid 
| | (0.100 mg. added) | 

| 


; | | 
gm. min, mg. M 


l ] 10 0.104 | 
2 l | 15 | 0.109 
3 l 20 | 0.103 0.6 
4 2 20 | 0.103 0.6 
5 2 40 0.100 0.6 
TABLE IV 
Effect of Various Salts 
| | 
Experiment | Digestion | PHOSPhate perchloric 
Solid added | | | 
 gdded) | 
gm. | min mg. M 
Sodium acetate 20 0 
2 nitrate 20 | Trace | 0.6 
4 chloride 0.88 20 0 0.02 
6 'Potassiumchloride 1.12 | 20 0.020 0.04 
7 Sodium sulfate | 2.40 20 «Trace | 
“ 2.40 40 0.100 0.6 
Potassium chlorate 2.08 20 | 06.6 
0.6 


10 | 2.08 40 0.103 


ization, as shown by the molarity of the acid. The amounts of 
solid were so chosen that the sodium chloride would be 1 Mm in 
the 15 ml. flasks. The other values were calculated so that the 
number of equivalents of each salt would be the same in each 
tube. 

The effect of adding extra acid after digestion but before the 
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addition of the reagents for the development of the blue color as 
against the addition of acid before digestion is shown in Table V. 
These results show that: (1) Acid added after digestion makes 
no difference in the case of salt but in the case of urea the level of 
interference is lowered somewhat. The low values are due to the 
fact that the acid is lost before complete oxidation of the glycero- 
phosphate has taken place. (2) Extra acid added before digestion 
in the amount required to give the correct molarity (0.6 M) in 


TABLE V 
Effect of Extra Acid 

nt No. | | 

added Before, | | Added | Recovered. 
gm. gm. | ml, | ml, mg | mg. | M 
1.2 | 1.0 | 0.100 | 0.029 (0.6 
| 0.00 | | 42.2 |] 10 | 0.100} 0.011 0.6 
4 0.44 | 1.2 | 1.0 | 0.100! 0.100 0.6 
ae 0.66 1.2 10 | 0.100) 0.09 0.6 
eee 0.88 | 1.2 | 1.0 | 0.100} Trace | 0.6 
7 | 0.90 0.100 0 
8 | 0.90 0.100 0.168 0.5 
10 0.90 | 0.100 | 0.062 | 2.3 
11 O08 | 0.100 0.100 0.6 
12. | 0.100 0.078 1.0 
13 0.100 0.085 1.8 
14 0.90 0.218 0.4 
15 0.90 — 3.8 | ! 0.183 0.4 
16 0.88 2.8 | | O 0.6 
| 0.88 2.8 | | 0 0.6 


the tubes, when compared in the colorimeter, eliminates the inter- 
ference caused by sodium chloride. The results obtained with 
urea are unreliable and may be high or low. The controls with 
sodium chloride are negative but with urea they may reach ab- 
normally high values. When the acid is low (7.e., below 0.35 M), 
tubes containing sodium chloride and no added phosphate do give 
a faint silicomolybdic acid blue (maximum 0.02 mg. of P). This 
may explain the high values obtained in Experiments 12 and 16 
(Table II). With urea and no added phosphate only a trace of 
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TABLE VI 
Effect of Preliminary Heating for 16 Minutes 
| | Organic 


men oO. | a ec added a | Added Amino: Ammonia acic 
sulfonic Molybdate 
acid first 
00 0.124 Ppt. 0.5 
2 0.9 | 0.5 
3.3 0.084 0.059 0.5 
3.3 | 0.088 0.034 0.5 
5 O.8S $.0° | 0.100 | 0.093 0.095 0.6 
6 0.88 3.0 0.100 0.093 | 0.093 0.6 
7 Om |. | | Trace | 0 
0.88 3.0 | | 0.6 
TABLE VII 


Effect of Preliminary Digestion for 15 Minutes with 2 Ml. of Nitric Acid 
Followed by i with Excess Perchloric Acid 


phosphate 


| 
Experi- Urea | Perchloric Recovered é | Perchloric 
ment No. | added eq acid added» Added | acid 
naphthol- 
| | | | gulfonie | molybdate | 
| | | | 3 acid first 
| gm, | gm. | ml, | mg. | mg. | mg. M 
0.100 0.101 0.056 0.6 
| 3.0 |:0.100; 0.103 | 0.081 0.6 
(0.88 2.5 0.100 0.096 0.087 0.5 
6 «0.88 2.5 0.100 0.095 0.089 0.5 
(0.88 2.5 | 0 | 0 
(0.88 2.5 0 | 0 | 0.5 
9 0.45 | 0.44 3.0 0.100 0.098 0.099 1.0 
10 0.45 (0.44 3.0 | 0.100/ 0.095 | 0.099 | 1.0 
11 =| 0.45 | 0.44 3.0 | 0 0 | 1.0 
12 | 0.45 | 0.44 3.0 | 0 (0 | 1.0 


blue color is obtained when the acid is low. With 0.6 m acid and 
no added phosphate no blue color is obtained in either case. 
The effect of a preliminary heating (pyrolysis) for 15 minutes 
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at 200° is shown in Table VI. Again in the case of sodium chloride 
there is no interference. In the tubes containing urea, however, 
high values may be obtained if the aminonaphtholsulfonic acid 
is added first and murky precipitates may occur if the ammonium 
molybdate is added first. 

The effect of a preliminary digestion with nitric acid followed 
by digestion with excess perchloric acid is shown in Table VII. 
In all these cases the controls were negative. In most cases the 
addition of the aminonaphtholsulfonic acid before the ammonium 
molybdate gave a better reading and eliminated entirely the diffi- 
culty of the appearance of murky precipitates which make the 
estimation of the phosphate color impossible. 


SUMMARY 


Urea and sodium chloride when present in concentrations over 
0.5 mM (7.e. 0.45 gm.) are likely to cause interference with the de- 
velopment of the blue color in the colorimetric determination of 
phosphate by King’s method. This interference may be overcome 
in the case of sodium chloride by adding enough extra acid before 
digestion to replace that lost during the heating. The acid is 
probably lost as hydrochloric acid. In the case of urea this 
treatment (adding extra acid) results in controls which exhibit 
a dark blue color or give murky precipitates. These difficulties 
may be eliminated by a preliminary pyrolysis for 15 minutes at 
200° with nitrie acid, digestion with sufficient extra perchloric 
acid, and reversing the order of addition of the last two phosphate 
reagents; z.e., add the aminonaphtholsulfonic acid before the 
ammonium molybdate. The order suggested by King was the 
reverse of this; @.e., ammonium molybdate first and amino- 
naphtholsulfomic acid second. The time between the addition 
of the phosphate reagents and the color comparison was 20 min- 
utes. In some cases long standing did produce darker colors but 
whether the interference is due to abnormally slow color develop- 
ment or is caused by a substance that inhibits the color develop- 
ment, the net result is the same. 
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THE DETERMINATION OF ARGININE IN THE PRES- 
ENCE OF OTHER AMINO ACIDS BY MEANS OF 
THE SAKAGUCHI REACTION 


By LLOYD E. THOMAS, JANET K. INGALLS, anp 
JAMES MURRAY LUCK 


(From the Biochemical Laboratory, Stanford University, California, and the 
Department of Biochemistry, University of Missouri, Columbia) 


(Received for publication, April 24, 1939) 


The Sakaguchi reaction (1) was first used for the quantitative 
determination of arginine by Weber (2): In applying the Weber 
method, or the Jorpes-Thorén modification (3), it is necessary to 
separate arginine from certain other amino acids and ammonium 
salts, if they are present, since they interfere with the full develop- 
ment of color by arginine. The present modification makes 
possible the accurate determination of arginine in the presence of 
other amino acids and ammonium salts. It can therefore be 
applied directly to protein hydrolysates. If determinations are 
to be made on small quantities of material, as, for example, on 
protein samples of 100 mg. or less, this is important, because 
quantitative separations are then extremely difficult or impossible. 
Even when more material is available, it is a distinct advantage 
to avoid the necessity of first separating the arginine. 

Sakaguchi used a-naphthol and hypochlorite to produce a color 
with arginine. Weber substituted hypobromite for hypochlorite 
and added urea soon after the hypobromite to stabilize the red 
color, which otherwise fades too rapidly to allow colorimetric 
‘readings to be made. It seems likely that other amino acids 
decrease the amount of color produced by arginine in the Weber 
method by reacting with the a-naphthol to produce colorless 
compounds, thus preventing the arginine from reacting with it to 
the fullest extent. Weber used 0.005 to 0.05 mg. of arginine in 
each sample and added 1 ce. of a 0.02 per cent solution of a- 
naphthol. This gives approximately 5 to 50 moles of a-naphthol 
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per mole of arginine. Jorpes and Thorén used slightly more 
arginine with the same amount of a-naphthol. The hypobromite, 
however, was always present to the extent of at least 70 moles 
per mole of arginine. We have found that the use of more a- 
naphthol prevents the interference by other amino acids. Too 
large an excess of a-naphthol cannot be used, however, because a 
yellow color is produced by a-naphthol and hypobromite even in 
the absence of arginine and an absorption band of the yellow- 
colored substance is rather close to that of the red substance. 
Thus it is difficult entirely to prevent its interference even by the 
use of a filter. 

The red color, as Jorpes and Thorén pointed out, develops in 
about 10 seconds and begins to fade in about 20 seconds. When 
urea is added to react with the excess hypobromite, there is still 
a slow fading and the more hypobromite used the faster this fading 
takes place, as was pointed out by Weber. The yellow color 
develops much more slowly, requiring 15 minutes or longer for 
full development. It also is sensitive to excess hypobromite, so 
that an increase in the amount of hypobromite causes a decrease 
in the amount of yellow color present at any given time. 

By using a constant amount of a-naphthol and varying the 
amount of hypobromite, as Weber did, a point can be reached at 
which the yellow color does not interfere excessively and, at which, 
on the other hand, the fading of the red color is not too rapid, 


EXPERIMENTAL 


For color measurements a Sheard-Sanford photelometer was 
used with a No. 1 (blue) filter’ and absorption cells of 6 cc. capacity 
and 1 em. thick. Water was used as a reference liquid. 

Reagents— 

a-Naphthol. <A 0.05 per cent solution, prepared by diluting 
with water a 0.5 per cent solution in 95 per cent alcohol. This is 
2.5 times as concentrated as Weber’s solution, which was also 


1 We have made many determinations in which the No. 2 (green) filter 
was used. In such cases the standard reference curve was also prepared 
with the green filter in use. These determinations are so designated in 
Tables land II. We have studied the transmission characters of the filters 
and colored solution spectroscopically. It is apparent that neither the 
blue nor green filter is ideal for the purpose but the blue filter is, in our 
judgment, preferable. 
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used by Jorpes and Thorén. It remains stable for at least 1 
month in an amber bottle at 5°. 

Sodium hypobromite. A solution made by dissolving 2 gm. 
(0.64 cc.) of bromine in 5 per cent cooled, sodium hydroxide solu- 
tion to make a total volume of 100 cc. This is essentially Weber’s 
solution. It will keep for at least 2 months in an amber bottle 
at 5°. 

Urea. A 40 per cent solution of urea in water. 

Sodium hydroxide. A 10 per cent solution. 

Arginine standards. Arginine dihydrate or arginine carbonate 
dissolved in water. Solutions containing from 0.01 to 0.08 mg. 
of arginine per ec. are suitable when 1 cc. is used for each deter- 
mination. ‘These solutions have been found to remain stable for 
several weeks at 5° with a few drops of toluene added. 

Procedure—Place the bottles containing the a-naphthol, hypo- 
bromite, sodium hydroxide, and urea solutions in an ice bath and 
bring them as near to 0° as possible. 

Place x ce. of the arginine solution? in a test-tube, preferably 
18 X 150 mm., and add (5 — x) ec. of water. Cool the tube in 
an ice bath for 30 minutes. Add 1 ec. of the sodium hydroxide 
solution and 1 ee. of the a-naphthol solution. Replace the tube in 
an ice bath for 5 minutes, shaking occasionally. Add 0.1 ce. of 
hypobromite solution followed in exactly 15 seconds by 1 ec. of 
urea solution. The tube must be shaken vigorously between 
these two additions and immediately after addition of the urea.é 

Warm the solution after mixing by holding the hand around the 
tube and shaking gently. When moisture no longer condenses on 
the outside of the tube, place the solution in the absorption cell 


2 In preparing the standard reference curve, | cc. portions of the various 
standard solutions of arginine were used in some cases, and 5 ce. portions 
of standard solutions were used in other determinations. 

*'To accomplish this, it is convenient to clamp a 1 ec. Ostwald pipette 
vertically with a burette clamp, placing a small flexible rubber tube on the 
upper end. A pinch clamp can be placed on the tube a few em. above the 
pipette and the other end of the tube held in the mouth. The pipette is 
filled with urea solution after the solution is run in and out a few times to 
cool the pipette. Then the hypobromite is added to the test-tube from a 
graduated | cc. serological pipette calibrated to blow out. The solution 
should be blown in quickly without hitting the sides of the tube in order 
to insure thorough mixing. This technique allows 10 seconds for shaking 
the tube between additions of hypobromite and urea, 
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and take readings at 1 or 2 minute intervals for about 10 minutes, 
recording the results with reference to the time after addition of 
the urea. 

Repeat the same procedure, with 0.15 cc., 0.20 ec., ete., of hypo- 
bromite solution. In the solutions containing insufficient hypo- 
bromite the absorption of light will increase with time and in 
those containing too much hypobromite it will decrease. After 
selecting the amount of hypobromite giving the most nearly con- 
stant light absorption, make several determinations on the same 
arginine solution using that amount of hypobromite. In each 
case use the reading taken exactly 5 minutes after addition of the 
urea and, when working on an arginine standard, take an average 
of these 5 minute readings for use in plotting a standard curve. 
The process of finding the proper amount of hypobromite must 
be repeated for each standard solution and for each unknown 
solution. Corrections must be made for the difference in final 
volume due to the difference in the amount of hypobromite added. 


Determination of Arginine in Amino Acid Mixtures 


The method was tested on artificial amino acid mixtures and 
the results are shown in Table I. The amino acids and ammonium 
sulfate in Mixture 1 were weighed in such quantities as to make a 
total of 1.0 gm. and dissolved in water containing 0.5 cc. of con- 
centrated hydrochloric acid. The solution was then diluted to 
100 ce. with water. Mixtures 2 and 3 were made up in the same 
way. The constituents of Mixture 4 were weighed in quantities 
to make a total of 2.5 gm. and dissolved in water containing 1.0 
ec. of concentrated hydrochloric acid. This was then diluted 
to 250 cc. with water. Suitable dilutions of these solutions were 
then made with water and aliquots taken for arginine determina- 
tions. Best results were obtained when 0.02 to 0.04 mg. of 
arginine was present in each aliquot used. 

0.05 or 0.10 ec. more hypobromite was required to obtain con- 
stant light absorption with the mixtures than was required for the 
same amount of arginine in pure solution. 


Determination of Arginine Content of Proteins 


Edestin I was prepared by grinding the hemp-seed with a mortar 
and pestle, extracting three times with ether, and then extracting 
with 5 per cent sodium chloride at 60°. The globulin was re- 
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covered from the sodium chloride solution by cooling, and re- 
crystallized twice from 5 per cent sodium chloride in the same way. 
Edestin II was prepared by extracting the ground hemp-seed at 
60° with a 10 per cent solution of sodium chloride containing a little 


disodium phosphate. 


TABLE I 


Determination of Arginine in Amino Acid Mizxtures* 


‘The values are given in per cent. 


Arginine 


Alanine 

Phenylalanine 

Isoleucine 

Valine 

Glutamic acid 

Leucine 

Aspartic acid 

Lysine (added as dihydro- 
chloride) 

Histidine (added as dihydro- 
chloride) 

Glycine 

Cystine 

Tyrosine 

Tryptophane 

Ammonia (added as am- 
monium sulfate) 

Methionine 


Mixture l Mixture 2 Mixture 3 Mixture 4t 
Found Found Found! Found 
5.2 5.09 6.0 5.93 10.010.20 2.0 2.11 
5.09 5.91 9 81 | 1.93 
5.14 5.93 9 94 1.93 
5.15 5.86 9 94 1.95 
6.0 2.0 
5.0 10.0 8.0 7.0 
3.0 4.5 1.8 6.0 
4 0 6.0 10.0 3.0 
34.0 22.0 25.0 30.0 
12.0 16.0 8.0 ' 16.0 
5.0 12.0 15.0 2.0 
5.0 4.0 1.0 0 
2.6 2.2 1.0 6.0 
1.0 0 6.0 10.0 
0.4 0.9 2.0 
6.5 4.0 1.0 2.5) 
4.2 1.3 2.0 
1.6 5.0 0.5 
3.0 1.5 


4.4 


* The green filter was used. 
t Mixture 4 was diluted so that each sample contained only 0.01 mg. of 


arginine. 


Casein I was prepared by the method of Van Slyke and Bos- 
worth (4), Caseins III and IV by the method of Van Slyke and 
Baker (5), and Casein II by the latter method except that the 
product was electrodialyzed. 
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Total protein samples from liver were prepared by boiling 20 
gm. of liver powder in a mixture of 1500 ec. of 60 per cent alcohol, 
100 cc. of saturated ammonium sulfate, and 100 cc. of molar 
acetate buffer (pH 4.6). Protein samples from blood were pro- 
cured by boiling 45 ec. of plasma or serum with 750 ec. of 60 per 
cent aleohol, 50 cc. of saturated ammonium sulfate, and 50 ce. 
of molar acetate buffer. The precipitates were thoroughly 
washed with boiling water, hot alcohol, and ether, extracted in a 
Soxhlet apparatus with an alcohol and ether mixture, and dried. 

The various Globulin IT preparations (6) are alkali-soluble frac- 
tions of the liver proteins, obtained by extractions with 0.25 per 
cent sodium hydroxide, after preliminary salt extractions at dif- 
ferent pH. 

The samples of erystalline insulin and protamine (clupein) 
were obtained from Dr. Melville Sahyun of the Research Labora- 
tory of Frederick Stearns and Company. 

The proteins were dried in vacuo over sulfuric acid for 48 hours. 
Some samples were then dried over phosphorus pentoxide, but 
the two methods of drying gave the same results. 

Samples weighing approximately 100 mg. were hydrolyzed by 
refluxing with 3 ec. of 20 per cent hydrochloric acid for 24 hours. 
Hydrolysis was carried out in 25 &K 200 mm. test-tubes with 
smaller tubes inserted to act as Hopkins condensers. In some 
cases the proteins were weighed directly into the test-tubes by 
means of a long handled spoon, the tubes being suspended at 
a 45° angle in the balance. Hydrolysis, in such instances, was 
carried out directly in the tube. However, it was rather difficult 
to weigh accurately by this method and the material, especially 
the liver proteins, had a tendency to creep up the sides of the tube 
before it was dissolved in the acid. This led to a small amount 
of charring and possibly incomplete hydrolysis. 

In order to overcome these difficulties, small platinum crucibles 
were devised. These were made with rounded bottoms to fit in 
the 25 & 200 mm. test-tubes and have a capacity of about 4 ec. 
A bar about 20 mm. long is placed across the top of the crucible 
to facilitate handling. Perforated lids are used, equipped with 
clips to catch the bar; they can be easily fastened on and removed. 
On top of the lid is a small loop which is caught by a long handle 
when the crucible is raised or lowered in the test-tube. 
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The protein samples were weighed directly into the crucibles, 
the lid fitted in place, and the crucible lowered into the test-tube. 
The 3 ec. of acid were added slowly to permit the air within the 
crucible to escape. Heating was done very cautiously at first to 
prevent bumping. 

After hydrolysis, the hydrolysates were transferred to a volu- 
metric flask and the crucibles within the tubes washed several 
times. The lids were then removed and the crucibles set in water 


TABLE II 


Arginine Content of Proteins 


Arginine con- Average devia- 


Sample determinations | | 

per cent per cent 
5 3.83 | 0.08 

| 7 4.12 | 0.097 
4 3.37 | 0.03 
Total liver protein, Dog A... 3 5.86 | 0.15 
plasma 3 5.59 0.21 
serum 3 4.51 | 0.15 
Globulin II, Dog B, pH 5.0t  .... 2 5.93 0.33 
2 6.23 | 0.13 

Insulin... 3.31 | 
2 68.3 | 0.925 


* The green filter was used in the photelometer. 
t pH is that at which the preliminary salt extraction of the liver was 
carried out. 


for 24 hours to insure complete solution of the contents. Before 
being used again, the crucibles were boiled in nitric acid. 

The arginine determinations were made directly on aliquots of. 
the diluted hydrolysates. Dilution was carried out to give be- 
tween 0.02 and 0.05 mg. of arginine in each aliquot. The results 
are shown in Table II. 


DISCUSSION 


Although Weber, and also Jorpes and Thorén stated that the 
color was stable for several minutes after addition of the urea. 
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our experience has indicated that the red color, if it is stable at 
all, is not stable for more than a minute or two in spite of the 
addition of the urea. These workers were referring to the color 
as observed in the colorimeter or the Pulfrich photometer and in 
spite of the fact that a filter was used in the latter case, the slowly 
developing yellow color undoubtedly contributed toward this 
apparent stability of color. 

By adjusting the amount of hypobromite to get an apparent 
stability of color, as we have done, the yellow color is made to 
develop just enough to offset the slow fading of the red color. 
When the readings taken at 1 or 2 minute intervals are very nearly 
the same for about 10 minutes after addition of the urea, it 
seems safe to assume that the reading at zero time would also be 
very nearly the same. This method gives, then, what amounts 
to a reading on the red color alone before it starts to fade. If 
it should become necessary to add more than 0.40 ec. of hypo- 
bromite, it is likely that the results would be too low, because the 
fading of the red color is then quite rapid and it is doubtful 
whether full development of color would be obtained. We have 
not found it necessary to use more than 0.40 ec. when working 
with protein hydrolysates. 

Jorpes and Thorén stated that their hypobromite solution was 
made ‘“‘by dissolving 2.5 g. (0.46 cc.) bromine” in 100 ee. of 5 
per cent sodium hydroxide solution. Since 2.5 gm. of bromine 
occupy approximately 0.80 cc. at 20°, it is dificult to decide 
whether they used 2.5 gm. or 0.46 ce., which 1s approximately 
1.4 gm. It is likely that they used the smaller amount, since 
they obtained about the same stability of color with 0.2 ec. of their 
hypobromite solution as Weber obtained with 0.1 ec. of his 
solution. 

Jean (7) made the statement that the method, referred to by 
her as the Weber-Jorpes method, can be used for the determination 
of arginine in protein hydrolysates without preliminary separation 
of the arginine from other constituents. Her method is the 
Jorpes-Thorén modification of the Weber method, except that 
1.0 ec. of hypobromite Was given as the amount used. ‘This may 
have been a misprint, because that amount would cause a very 
rapid fading of color. We applied Jean’s method with vary- 
ing amounts of hypobromite to several protein hydrolysates and 
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to amino acid Mixture 2 described in Table I, but we found 
that the results were invariably too low. 

In applying our method directly to hydrochloric acid hydroly- 
sates, the amount of acid left after dilution is so small that it does 
not interfere with the determination, which is carried out in 
strongly alkaline solution. The brown color of the hydrolysate 
is no longer noticeable after dilution. With a protein containing 
a very small percentage of arginine, the dilution would necessarily 
be much less and the humin might have to be removed. However, 
most proteins contain over 1.5 per cent arginine, which allows 
sufficient dilution to prevent interference by the humin. 

Although 100 mg. samples of protein were used for hydrolysis, 
only a small part of the hydrolysate is necessary for arginine 
determination. In the case of edestin, the equivalent of only about 
2 mg. of protein was sufficient for the whole determination. In 
the case of a protein containing only 1.5 per cent arginine the 
equivalent of about 16 mg. of protein would be sufficient. 


SUMMARY 


1. A modification of the Weber and Jorpes-Thorén methods for 
arginine determination, based on the Sakaguchi reaction, is 
presented. This modified method makes possible the determina- 
tion of arginine in the presence of other amino acids and ammonia 
in quantities usually found in proteins. 

2. A report is made of the arginine content, as determined by 
this method, of casein, edestin, certain blood and liver proteins, 
insulin, and clupein. 


We are greatly indebted to Dr. Melville Sahyun and Frederick 
Stearns and Company for gifts of crystalline insulin and clupein. 
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DETERMINATION OF CHLORIDES IN BIOLOGICAL 
FLUIDS BY THE USE OF ADSORPTION 
INDICATORS 


THE USE OF DICHLOROFLUORESCEIN FOR THE VOLUMETRIC 
MICRODETERMINATION OF CHLORIDES IN ZINC 
FILTRATES OF BIOLOGICAL FLUIDS 
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(From the Chemistry Division of the Department of Pathology, Queens General 
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(Received for publication, April 11, 1939) 


This paper presents evidence that zinc filtrates (particularly 
the Hagedorn-Jensen (1923) filtrates) of urine (after treatment 
with hydrogen peroxide), whole blood, plasma, or serum are 
suitable for the accurate determination of chlorides with dichloro- 
fluorescein as an indicator. The precision of this method for urine 
chlorides has been shown by comparison with established proce- 
dures such as the Caldwell-Moyer (1935) modification of the Vol- 
hard-Harvey (Harvey, 1910) method and the Van Slyke (1923-24) 
nitric acid digestion method for both normal and albuminous 
urines as recommended by Sendroy (1937). 

The method requires only one standard solution (0.02 N AgNQOs) 
and one indicator (0.05 per cent dichlorofiuorescein in 50 per cent 
alcohol) for the determination of chlorides in urine, cerebrospinal 
fluids, blood serum, and plasma. 


EXPERIMENTAL 


Solutions — 

Standard sodium chloride. 1.000 gm. of pure, dry, recrystal- 
lized c.p. NaCl was dissolved in a liter of solution. 

Standard silver nitrate. A 0.1 N solution of AgNQOx3 was pre- 
pared from the pure, dry, recrystallized c.p. salt. This solution 
was standardized by titration with the standard sodium chloride 
with dichlorofluorescein as the indicator. An exactly 0.02 N 


273 


4 
| 
i 
; 
; 
| 
4 
i 


274 Determination of Chlorides 


solution of the AgNO; was prepared by dilution from the 0.1 N 
solution. 

Dichlorofluorescein indicator. Eastman Kodak Company’s 
No. 373, 0.05 per cent in 50 per cent aleohol. 

Zine sulfate. 0.45 per cent solution of ZnSO,-7H.O prepared 
by dilution from a 45 per cent solution. Make up at least once 
weekly. 

0.1 N NaOH. Prepared by standardization against 0.1 N HCl. 


Analysis of Standard Sodium Chloride 


Pure NaCl samples were pipetted into Pyrex test-tubes (150 
mm. X 15 mm.). 3 drops of 3 per cent HeO, (chloride-free) were 
added and the tube was placed in a boiling water bath for 2 min- 


TABLE [ 
Determination of Pure NaCl in Hagedorn-Jensen Filtrates 


NaCl present | NaCl found | Error 
mg. mg. per cent 
1.00 1.008 | +0.8 
1.00 1.02 +2.0 
1.00 1.008 +0.8 
2.00 | 2.00 +0.0 
2.00 | 2.01 +0.5 
2.00 | 1.99 —0.5 
3.00 | 3.00 +0.0 


3.00 | 2.99 | —0.3 


utes. 5.0 ml. of 0.45 per cent zine sulfate and 1.0 ml. of 0.1 N NaOH 
were added. The tube was heated in the boiling water bath for 
3 more minutes and cooled under running water. The contents 
were filtered through a 4 cm. funnel, with Whatman No. 5 filter 
paper (7.0 em.), into a 25 ml. Erlenmeyer flask. The tube and 
precipitate were washed with three 1.0 ml. portions of distilled 
water. 2 drops of the dichlorofluorescein indicator were added 
and the solution was titrated with 0.02 nN AgNQOs to the first defi- 
nite pink coloration. The results obtained are given in Table I. 


Analysis of Urine Samples 


To 0.2 ml. of urine in a Pyrex test-tube were added 3 drops of 
3 per cent c.p. HO» (chloride-free). The tube and its contents 
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were then heated in a boiling water bath for 2 minutes. 5.0 ml, 
of 0.45 per cent ZnSO,-7H2O and 1.0 ml. of 0.1 N NaOH were added 
and the tube was heated in the water bath for 3 more minutes. 
The contents were cooled, filtered or centrifuged at high speed, 
and then transferred with washing into a 25 ml. Erlenmeyer flask, 
as deseribed above. 2 drops of the dichlorofluorescein indicator 
were added and the filtrate was titrated with the 0.02 n AgNO, 


TABLE II 


Determination of Chlorides in Hagedorn-Jensen Filtrate of Normal Urine 
(0.2 Ml. Samples) 


NaC! found : | NaCl 
| 
Sample No. (‘aldwell- Dichloro- added adsorption | Error 
Moyer fluorescein indicator 
method indicator method 
mg. percent mg. percent mg. percent mg. per cent | per cent 
930.0 935.0 
935.0 930 
935.0 935.0 
Average 933.3 933.3 | +0.0 
2 1321.0 | 1305.0 
1321.0 1310.0 
1310.0 1305.0 | 
Average 1317.0 1307.0 | 
3 1265.0 1265.0 500.0 510.0 
1270.0 1260.0 500.0 510.0 
1265.0 1255.0 1000.0 | 1010.0 
Average 1266.6 1260.0 —0.52 


to the first definite pink coloration which appeared throughout 
the solution. 

A set of triplicate determinations was performed on each urine 
sample with the Caldwell-Moyer (1935) modification of the 
Volhard-Harvey procedure in the following manner. 

To 0.2 ml. samples of the urine were added 1.0 ml. of concen- 
trated HNQs:, 3.0 ml. of 0.02 N AgNOs:, 1.0 ml. of nitrobenzene, 
and 1.0 mil. of ferrie alum indicator. The excess AgNOs was then 
titrated with 0.02 nN KCNS which had been previously standard- 
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ized against the AgNO; solution. The first faint yellowish orange 

tint was taken as the end-point. The results obtained for these 

urine determinations are given in Table II. | 
Sendroy (1937) has pointed out that large errors occur in the 

usual Volhard chloride analyses when the urine is either low 


TABLE III 


Comparison of Chloride Determinations in Urine by Van Slyke and 
Adsorption Indicator Methods 


NaCl found 
Sample No. Dichloro- adsorp- Error 
Van Slyke fluores- tion =| 
method —_cein indicator 
indicator method 


omg. per mg. per | mg. per mg. per 


4. Normal 1000.0 1002.0. 
1005.0 | 1005.0 
995.0 1000.0. 


5. Normal 1090.0 1080.0 | 
1090.0 | 1070.0 | 
1080.0 1080.0 | 
1086.6 1076.6 | | 
6. Albuminous, low chloride | 412.0 | 420.0. | | 
420.0 417.0 | | 
«416.0 415.0 | | 


7. Albuminous................ 710.0 695.0 100.0 | 107.0. 
700.0 700.0 100.0 110.0 
695.0 690.0 100.0 108.0. 


—0.95 


in chloride content or contains large amounts of albumin. He 
used as a standard of comparison for his own iodate method 
Van Slyke’s (1923-24) open Carius modification of the Volhard 
method with nitric acid ashing. To determine the effect of 
urines low in chloride and urines containing large amounts of | 
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albumin (4 + qualitative test) on the accuracy of the zine filtrate- 
adsorption indicator method, a large number of such urines were 
analyzed in the manner described above (except that 0.5 ml. 
samples of urine were used when low chloride values were expected), 


TaBLE IV 
Chloride Determinations on Blood Serum or Plasma (0.2 Ml. Samples) 


Recoveries on added NaCl 


Adsorption Slyke | 


| n addec 
Sample No. indicator- digestion by adsorption indicator 
i 
| | Added Reeovered 
| mg. per cent | mg. percent | mg. per cent | mg. per cent 
1. Serum | 750.0 | 755.0 | | 
| ¢43.0 755.0 | 
736.0 | 750.0 | 
Average | |. | 
2. Serum 710.0 | 710.0 | 
703.0 707.0 | 
692.0 | 707.0 | 
Average.......... 702.0 708.0 | 
3. Serum 595.0 594.0 500.0 500.0 
595.0 590 .0 500.0 500.0 
585 .0 585.0 500.0 498.0 
Average | 592.0 590.0 | 
4. Plasma | 645.0 650 .0 
655.0 647.0 | 
| 645.0 650.0 | 
| 648 649.0 | 
5. Plasma 620.0 626.0 500.0 | 499.0 
| |; 500.0 499.0 
| 625.0 | 626.0 500.0 491.0 
Average. 626.0 | 628.0 | | 


and the values obtained were checked against those obtained by 
triplicate analyses with the Van Slyke procedure as follows: 

To 1.0 ml. of urine (2.0 ml. when low chloride values are ex- 
pected) in a large Pyrex test-tube were added 5.0 ml. of 0.05 N 
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AgNO in concentrated HNQOs and 1.0 ml. of distilled water. The 
tube and contents were heated in a boiling water bath for about 
30 minutes and then cooled in cold water. 0.3 gm. of powdered 
ferric alum was added as an indicator and the excess AgNO, 
was titrated with standardized 0.02 nN KCNS. The first orange- 
yellow tint lasting more than 30 seconds was taken as an end- 
point. <A typical set of results for normal and albuminous urines 
is given in Table IIT. 


TABLE 


Analysis of Chlorides in Somogyi Whole Blood Zine Filtrate (2.0 Ml. Samples 
Equal 0.2 Ml. of Whole Blood) 


Sample No. 


Adsorption indicator, 
Somogyi zinc filtrate 


Caldwell-Moyer, 
Somogyi zine filtrate 


mg. per cent mg. per cent 

] 491.0 491.0 

499 .O 499.0 

499 0 491.0 

2 445.0 445.0 

448.0 436.0 

445.0 445.0 

446.0 442.0 
3 499.0 501.0 

5O7 .O 501.0 

503.0 501.0 

Average........ 501.0 


Recoveries were determined by analyzing samples of normal 
and albuminous urines prepared’ in the following manner. 

Known amounts of pure dry NaCl were weighed into 100 mil. 
volumetric flasks. The NaCl was dissolved and diluted to the 
mark with the previously analyzed samples of the normal or 
albuminous urine. Aliquot portions of these urines were then 
taken for analysis by the zine filtrate-adsorption indicator proce- 
dure. Results of these analyses are shown in both Tables II 


and II]. 
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Analysis of Blood Serum or Plasma 


Chloride determinations were performed on zine filtrates of 
blood serum or plasma with adsorption indicators in the following 
manner. 

0.2 ml. of serum or plasma was pipetted into a Pyrex test-tube 
(150 mm. X&X 15 mm.) and 1.0 ml. of 0.1 N NaOH was added. 
5.0 ml. of 0.45 per cent ZnSO,-7H2O were then added drop by 
drop with constant stirring and the mixture was heated in a boiling 
water bath for 3 minutes and then cooled in cold water. The 


TaBLe VI 
Determination of Chlorides on Whole Blood Samples (0.2 M1.) 


Adsorption indicator 


Sample No. Kisenman method 


methe 
mg. per cent mg. per cent 
450.0 450 .0 
440.0 450 .0 
445.0 445.0 
497.0 501.0 
510.0 507 .0 
497 0 501.0 
484.0 476.0 
480 468 .0 
478.0 480.0 
Average 481.0 475.0 


solution was then filtered, washed, and titrated in the same manner 
as given under the directions for known NaCl solutions. 

The results were compared against those obtained by the Van 
Slyke digestion procedure with 1.0 ml. samples of serum or plasma 
and titration of the excess AgNQOs with a standard KCNS solution. 
These results are given in Table IV. 


Analysis of Whole Blood Chlorides 


Analysis of Somogyt’s Zine Filtrate— Somogyi (1930) whole 
blood zine filtrates were prepared in the usual manner. 2 or 3 
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ml. aliquots of the filtrate were pipetted into a 25 ml. Erlenmeyer 
flask, 2 drops of the dichlorofluorescein indicator were added, and 
the filtrate titrated with 0.02 N AgNO, to the definite pink end- 
point. 

The method was checked by running simultaneous determina- 
tions on the filtrates by the Caldwell-Moyer (1935) modification 
of the Volhard procedure in which nitrobenzene is used to clarify 
and sharpen the end-point. <A typical set of results is given in 
Table V. 

Whole Blood Chlorides—-Whole blood chlorides were determined 
with adsorption indicators on 0.2 ml. samples of whole blood by 
the same procedure as given for serum or plasma. The results 
were checked against those obtained with Eisenman’s (1929) 
method. <A typical set of results is given in Table VI. 


DISCUSSION 


The end-point change is from white to a pink coloration which is 
visible throughout the solution. However, a faint pink tinge 
appearing near the end-point should not be mistaken for the end- 
point. The end-points obtained with zine filtrates of biological 
fluids are not as sharp as those obtained with zine filtrates of pure 
NaCl solutions or with adsorption indicators in organic media 
(Saifer and Kornblum, 1935-36), but are easily recognizable and 
distinct. <A strong light shining over the shoulder of the investi- 
gator and the use of a white background for the titrations make the 
end-point easy to detect. The zine filtrate seems to aid in keeping 
the precipitated AgCl in colloidal form. 

It has also been found that slight amounts of oxidizing material, 
e.g. 0.2 ml. of a 3 per cent HeOQe, solution, cause a decided increase 
in the amount of AgNO; used to obtain the end-point with 
adsorption indicators. This error is easily avoided by driving off 
the exeess HeO2 by heating the solution on a boiling water bath 
for several minutes. Values about 20 mg. per cent higher than 
the actual value are obtained when the adsorption indicator titra- 
tions are performed in the presence of the zine hydroxide pre- 
cipitate. 

The urine chloride values obtained by the adsorption indicator 
procedure check closely with those obtained by the Caldwell-Moyer 
modification of the Volhard method and the Van Slyke nitric acid 
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digestion method. The method for urine takes less time than the 
Van Slyke procedure (as twenty to thirty determinations may be 
performed in an hour) and gives results which are just as repro- 
ducible. Table IIIT shows that albuminous urine (giving a 4 + 
qualitative reaction with the Purdy heat test) gave results con- 
cordant with those by the Van Slyke digestion method. The 
maximum error obtained by the adsorption indicator method, with 
the Van Slyke method as a standard, was about 2 per cent and 
the average error was generally less than 1 per cent. 

The method as applied to whole blood (Somogyi) zine filtrates 
and to Hagedorn-Jensen filtrates of plasma, serum, and whole 
blood was checked by comparison with established procedures. 
The average deviation of the method was about +2 per cent. 
All filtrate and pipetting errors are eliminated by using the entire 
sample. 


The authors are grateful to Mr. Richard La Force for trying 
out the method previous to its publication and to Dr. Alfred 
Angrist, Pathologist and Director of Laboratories, for the interest 
he has shown in this work. 


SUMMARY 


Simple, accurate procedures for the determination of chlorides 
in zine filtrates of urine, whole blood, plasma, and serum are 
described, with dichlorofluorescein as an adsorption indicator. 
Only one standard solution, 0.02 N AgNQs is used in the titration. 
The end-point is sharp and the results obtained show an average 
error less than 2 per cent. 
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A TITRIMETRIC MODIFICATION OF THE GLYOXALASE 
METHOD FOR THE ESTIMATION OF REDUCED 
GLUTATHIONE | 


By k. F. SCHROEDER ann GLADYS WOODWARD 


(From The Biochemical Research Foundation of the Franklin Institute, 
Philadelphia) 


(Received for publication, May 3, 1939) 


The rate of conversion of methylglyoxal into lactic acid by the 
enzyme glyoxalase depends upon, among other things, the quan- 
tity of the reduced glutathione present (1, 2). The extraordinary 
specificity of the latter (GSH) in the activation of this reaction 
has been used by one of us (3) as the basis of a method for its 
quantitative estimation in biological materials. This method 
consists in determining, by the Warburg manometric technique, 
the amount of lactic acid formed under standardized conditions 
in reaction mixtures containing glyoxalase, methylglyoxal, bicar- 
bonate, and the GSH-containing solution under examination. 
By reference to a standard curve, obtained by carrying out a 
series of similar reactions in the presence of known amounts of 
pure GSH, the amount of the latter present in the test solution can 
be estimated. Because of its specificity, the method has proved 
to be of considerable value; however, its use is restricted to labora- 
tories equipped for manometric work. In view of this fact, a 
modification has been developed which avoids the use of this 
rather specialized technique. 

In the modified procedure, which in most respects is quite sim- 
ilar to the above, the extent of the glyoxalase reaction is deter- 
mined by measuring methylglyoxal disappearance, rather than 
lactic acid formation. The necessary methylglyoxal estimations 
are made titrimetrically, by a slight modification of the bisulfite 
method of Clift and Cook (4). 

Within the limits of experimental error the titrimetric and mano- 
metric procedures give identical GSH values for sulfosaheyhic 
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acid extracts of animal or plant tissues. The titrimetric procedure 
is somewhat more time-consuming (six simultaneous determina- 
tions in 2.5 hours), but is quite simple from a manipulative stand- 
point and requires only the simplest of laboratory apparatus. 
Recoveries of known amounts of GSH added to animal and plant 
tissue extracts have, with few exceptions, ranged from 95 to 105 
per cent. As developed at present, the titrimetric procedure per- 
mits the estimation of 0.01 to 0.10 mg. of GSH in 0.5 ec. of tissue 
extract. With amounts above 0.025 mg., the limit of experimen- 
tal error is about 5 per cent; with smaller amounts, the probable 
error is larger. 

Reagents 

Acetone-yeast (GSH-free). This serves as the source of glyoxa- 
lase. 1 pound of pressed bakers’ yeast (Fleischmann) is coarsely 
erumbled into 1500 ec. of acetone, stirred for 10 minutes, and 
filtered with suction. The residue is treated with 500 ce. more of 
acetone for 3 minutes, and again filtered. To remove GSH, the 
product thus obtained is suspended in about 600 cc. of water, 
stirred thoroughly, and centrifuged. The treatment with water 
is repeated four times, the supernatant liquid being discarded. 
The product is then dried by suspending three times in 500 cc. 
portions of acetone, and once in 300 ce. of ether, stirring for a 
minute, and filtering each time. After being thoroughly ground 
in a mortar, the material is spread out in a thin layer and allowed 
to dry in the air overnight. The dry product (65 gm.) is stored 
in an ice box in well stoppered bottles, preferably in small lots 
(10 to 15 gm.). Under these conditions the glyoxalase activity 
is retained almost unchanged for months. The activity varies 
somewhat with different preparations, but usually 100 mg. of the 
acetone-yeast Is a satisfactory amount for one GSH determination. 

Methylglyoxal. This is prepared by the method of Bernhauer 
and Géorlich (5). Dihydroxyacetone or glyceraldehyde (5 gm.) 
and Alo(SO,)3 (3 gm.) are dissolved in dilute HeSO, (40 ec. of HO 
plus 8 ec. of concentrated H.SO,). The mixture is transferred to a 
125 ec. distilling flask fitted with a dropping funnel, and distilled 
in an oil bath held at 140-150°. When 5 ce. of distillate have been 
collected, 5 ec. of water are run into the flask to maintain the 
volume. This process is repeated until 60 cc. of distillate have 
been obtained. The methylglyoxal content is determined (6) by 
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treating 2 cc. of the distillate with 75 ec. of m-nitrobenzhydrazide 
reagent (1 gm. dissolved, by heating, in a solution of 2 ec. of acetic 
acid in 150 ce. of water). The reaction mixture is heated on a 
boiling water bath for 1 hour, then allowed to stand overnight. 
The precipitate is filtered into a weighed Gooch crucible and dried 
to constant weight at 110°. 1 mg. of methylglyoxal is equivalent 
to 5.528 mg. of osazone. A solution thus prepared usually con- 
tains from 40 to 50 mg. of methylglyoxal per ec. For use in the 
GSH estimation, this is diluted so as to contain approximately 4 
mg. per cc. When stored in an ice box, its original strength is _ 
retained for months. | 

Sulfosalicylic acid (2 per cent). About 20 gm. of pure sulfo- 
salicylic acid (Merck Reagent) are dissolved in 1 liter of water. 

Standard GSH. Exactly 20 mg. of pure, crystalline glutathione 
are dissolved in 100 ec. of approximately 2 per cent sulfosalicylic 
acid. ‘The solution is stable for at least a week when kept cold. 

Phosphate buffer (0.2 Mm). To 30 ec. of 0.2 m KH2PO, are 
added 70 ec. of 0.2 M NazgHPO,. <A few drops of toluene are added 
as preservative. The pH should be about 7.2. 

Brom-thymol blue indicator. A 0.04 per cent aqueous solution 
is used. 

Starch indicator. Soluble starch, 1 per cent in saturated sodium 
chloride solution, is employed. 

Sodium bisulfite (approximately mM). About 5.2 gm. of NaHSOs; 
are dissolved in 50 cc. of water. The solution is kept in a well 
stoppered bottle, and made up fresh every 3 or 4 days. 

Strong iodine (approximately 0.15. N). About 75 gm. of KI and 
38 to 40 gm. of iodine are dissolved in a small quantity of water, 
and diluted to 2 liters. Although not essential, an automatic 
burette (50 cc.), attached to a 2 liter reservoir, is convenient for 
this solution, which is used to destroy excess bisulfite. 

Standard iodate (0.1 N). Exactly 3.567 gm. of KIO; are dis 
solved in water and made up to 1 liter. | 

Standard iodine (0.005 N). About 5 gm. of KI are dissolved in 
about 150 ec. of water. Then 3 ce. of 5 N HeSO,g and 10 ce. of 0.1 
N lodate are added, and the solution diluted to 200 ec. This 
should be prepared fresh each day. 

Sodium thiosulfate. An approximately 0.01 N_ solution is 
prepared. 
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Alkali to liberate bound bisulfite. NagHPO,-12H20O is coarsely 
ground. About 2 gm. (one-half teaspoonful) are required per 
determination. 


Method 


Standard GSH Curve—-Acetone-yeast (0.500 gm.) is weighed 
into a 25 ce. Erlenmeyer flask and shaken with 2.5 cc. of phosphate 
buffer (pH 7.2) until a uniform suspension results. A 0.5 ce. 
portion is transferred! into each of four 25 cc. Erlenmeyer flasks, 
Flasks A, B, C, and D, the first of which, Flask A, serves as the 
yeast blank. Into four small test-tubes graduated at 2.0 cc.” are 
measured, respectively, (a) 1.0 ce. of sulfosalicylic acid solution 
(2 per cent), (b) 0.25 ee. of standard GSH plus 0.75 ec. of sulfo- 
salicylic acid, (¢) 0.5 ec. of standard GSH plus 0.5 ec. of sulfo- 
salicylic acid, and (d) 1.0 ce. of standard GSH. After addition 
of 1 drop of brom-thymol blue indicator to each tube, the contents 
are neutralized® to about pH 7.2 by dropwise addition of 0.5 and 
0.1 N NaOH. If too much alkali is added, it may be neutralized 
with a drop of sulfosalicylic acid. Final adjustment is then made 
by adding 3 or 4 drops of phosphate buffer and sufficient water to 
bring the volume up to exactly 2 cc. 1 ce. portions of these solu- 
tions (containing the equivalent of 0.5 ec. of sulfosalieylic acid 
and 0.0, 0.025, 0.05, and 0.10 mg. of GSH, respectively) are added 
to Flasks A, B, C, and D, in order. The flasks are placed in a 
constant temperature bath at 25° and shaken gently* for about 


1 For measuring the yeast and methylglyoxal solutions, 0.5 ce. Ostwald- 
Folin pipettes are used. The last drop is touched off instead of blown out. 
While it is not necessary that the volumes of veast or methylglyoxal added 
should be exactly 0.5 cc., it is of importance that these volumes be kept 
constant throughout a series of experiments. 

? Standard 15 cc. graduated centrifuge tubes, with cone-shaped tip, are 
convenient, and sufficiently accurate for most purposes. 

Since glyoxalase (7) has a relatively wide optimum pH range (6.3 to 
7.6), the adjustment of these solutions to pH 7.2 need be only approximate. 
A variation of +0.2 pH at this point will not appreciably affect the results. 
It may also be mentioned that the phosphate buffer, pH 7.2, was arbitrarily 
selected as standard for this work, and has no special significance. 

‘The thermostat used by us is equipped with a shaking device provid- 
ing a to and fro motion with an amplitude of about 2.5 em. and a frequency 
of 80 to 90 per minute. The flasks need not be stoppered during the enzyme 
reaction. 
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2 minutes to insure temperature equilibration. A 0.5 ee. portion 
of dilute methylglyoxal (4 mg. per ce.) is now added to each flask, 
the time of addition being accurately noted. The shaking is 
continued for 30 minutes (+15 seconds), after which exactly 10 
ee. of approximately 0.02 N H.SO, are added to stop further en- 
zyme action. ‘The contents of the flasks are thoroughly mixed, 
transferred to 15 ec. centrifuge tubes, and centrifuged for 5 min- 
utes at 2000 R.P.M. 

The titration is carried out as follows: A 5 ce. aliquot of the 
supernatant liquid is transferred to a 125 ec. Erlenmeyer flask, 
treated with | ce. of approximately M NaHSOs, and allowed to 
stand at room temperature for 15 minutes or more, during which 
time the bisulfite forms an addition compound with the unchanged 
methylglyoxal. After addition of 5 drops of starch, the excess 
bisulfite is removed by running in a slight excess of strong iodine 
(0.15 N). The blue color is discharged by dropwise addition of 
approximately 0.01 N thiosulfate. The walls of the flask are 
carefully rinsed down (total volume 50 to 60 ce.), after which the 
flask is placed® in the thermostat, without shaking, for 15 minutes 
(+2 minutes). The first end-point is then rapidly adjusted by 
running in a slight excess of standard iodine (0.005 N), discharging 
the blue color with thiosulfate, and adding more iodine solution, 
dropwise, until the first faint blue color persists. About 2 gm. 
of coarsely powdered NaesHPO,:-12H2O are then added to liberate 
the bound bisulfite, which is immediately titrated by running in 
0.005 N iodine as rapidly as the blue color fades, until a permanent 


faint blue color is reached.’ The values obtained by deducting 


5 In order to facilitate the timing of the reactions, it has been found 
convenient to add the methylglyoxal at exactly 1 minute intervals to the 
different flasks of the series, the stop-watch being started with the first 
addition. Shaking may be interrupted for each addition, but should be 
resumed momentarily between additions. The 0.02 n H.SO, is likewise 
added at | minute intervals. 

® The reason for this step is discussed in a later portion of the paper. 

7 When a number of titrations are to be made, it is convenient to allow 3 
minutes per flask for the operations involved in removing excess bisulfite 
(with 0.15 N iodine) and rinsing. Six flasks can thus be adjusted to this 
stage and placed in the water bath (at 3 minute intervals) in a period of 15 
minutes. By this time the first flask has been in the water bath for the 
required 15 minutes, and is carried through the succeeding steps as de- 
scribed. The remaining flasks are similarly treated at 3 minute intervals. 
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the observed titers of the 5 ec. aliquots of Flasks B, C, and D from 
that of the yeast blank, Flask A, are a measure of the methyl- 
glyoxal losses occurring during the glyoxalase reaction. ‘These 
titration decreases, plotted against the amounts of GSH _ present 
in the corresponding reaction mixtures, give the standard GSH 
eurve. Atypical curve obtained in this manner is shown in Fig. 1. 

The reproducibility of the standard curve is quite high. Over 
a period of 3 months aboutetwenty-five runs were made, the same 
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TITRATION DECREASE (cc. 0.005 N IODINE) 
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Fic. 1, Standard GSH curve obtained by the titrimetric procedure 


acetone-yeast and methylglyoxal preparations always being used. 
The variation in results did not exceed +5 per cent. It is prob- 


able that the stability of the glyoxalase in different preparations 


of acetone-yeast will vary considerably. For this reason it is 
advisable, when a new preparation of the latter (or of methyl- 
glyoxal) is first used, to repeat the determination of the standard 
GSH curve at rather frequent intervals (e.g., weekly). When the 
stability characteristics are known, this frequency may be re- 


duced. 
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Procedure for Blood and Tissues—The GSH is extracted by 
treatment of the blood or tissue with sulfosalicylic acid in the 
usual manner, a 1:5 dilution in 2 per cent sulfosalicylic acid being 
satisfactory in most cases. 1 cc. of extract (if less is used, suffi- 
cient sulfosalicylic acid solution is added to bring the volume to 
1 ce.) is neutralized to pH 7.2 and made up to 2.0 ec., as described 
in the preceding section. <A 1 ce. portion of the neutralized solu- 
tion, corresponding to 0.5 cc., or less, of tissue extract and 0.5 ce. 
of sulfosalicylie acid solution, is then carried through a procedure 
identical with that used in obtaining the standard curve, including 
incubation with acetone-yeast and methylglyoxal for 30 minutes, 
dilution with 10 ee. of 0.02 N HeSO,, centrifugation, and titration 
of a 5 ce. aliquot of the supernatant liquid. A yeast blank, iden- 
tical with the yeast blank, Flask A, used in making the standard 
curve (containing no GSH, but 0.5 ce. of sulfosalicylic acid solu- 
tion) may be run at the same time. The difference between the 
titration of the 5 ce. yeast blank aliquot (A) and that of the above 
reaction mixture (XY) is determined. By reference to the standard 
curve, the quantity (A —X) indicates the amount of GSH present. 

Yeast and Tissue Blanks—The yeast blank, Flask A, referred 
to in previous sections corrects for any non-enzymatic destruction 
of methylglyoxal occurring as a result of reaction with free —N He, 
or other active groups, present in the acetone-yeast. It also 
corrects for methylglyoxal losses due to traces of glyoxalase ac- 
tivity still present in acetone-yeast which has not been com- 
pletely washed free of GSH. For most yeasts, this blank is quite 
small, and since it usually remains constant over a period of 
months, need not be redetermined for each experiment. For ex- 
ample, the yeast blank titer of one of our preparations, determined 
over a period of months as described above, has remained constant 
at 3.68 + 0.02 cc. of 0.005 N iodine (per 5 ce. aliquot). The titer 
of the methylglyoxal, in the absence of yeast and sulfosalicylic 
acid, was 3.91 ee. of 0.005 N iodine. 

A second type of blank to be considered is the tissue blank. 
This covers any destruction (non-enzymatic) of methylglyoxal 
occurring as a result of reaction with substances present in the 
sulfosalicylic acid extracts of the blood or tissues under examina- 


8 If frothing occurs, a drop of peroxide-free ether may be added. 
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tion. It also covers any bisulfite-binding material present in the 
tissue extract. This blank is easily determined by incubating, 
for 30 minutes at 25°, a reaction mixture composed of 0.5 ce. of 
phosphate buffer of pH 7.2, 1 ec. of neutralized sulfosalicylic acid 
extract of the tissue,’ and 0.5 cc. of methylglyoxal. After dilution 
with 10 ce. of 0.02 N HeSO,, a 5 ec. aliquot is titrated as previously 
deseribed. The value obtained is compared with the titer of a 
similar reaction mixture containing methylglyoxal but no tissue 
extract. A decrease indicates that some methylglyoxal has been 
destroyed by the tissue extract constituents; an increase denotes 
the presence of extra bisulfite-binding substances. The blank 
thus obtained (in cc. of 0.005 N 1odine) is deducted from or added 
to, as the case may be, the experimentally determined value 
(A —NX) before the latter is referred to the standard curve. In 
most biological material, the tissue blanks will be zero, or so 
small that they may safely be neglected. This was found to be 
the case with all tissues reported in Tables I and II, the maximum 
blank being 0.05 ce. in kidney extract. It is advisable, however, 
when work with a new material is started, to make sure that the 
tissue blank can be omitted. 

Finally it should be pointed out that if the tissue extracts con- 
tain substances which exert an inhibitory effect on the action of 
the enzyme glyoxalase, low GSH values will be obtained. This 
condition can be recognized by means of GSH recovery experi- 
ments, known amounts of GSH being added to the sulfosalicylie 
acid extracts in question. Whether the method is applicable in a 
given case depends on how completely the GSH can be recovered. 
Thus far no tissues have been encountered whose extracts failed 
to give satisfactory GSH recoveries (see Table I). 

Adaptability of Method--Many of the experimental conditions 
prescribed in the foregoing sections have, of course, been ar- 
bitrarily chosen. Since the method is strictly comparative, de- 
pending on the use of a standard curve, these conditions may fre- 
quently be altered considerably to fit particular situations. The 
important point is that the standard curve should be established 
under conditions as nearly as possible identical with those em- 


* The quantity of tissue extract used should, of course, be the same as 
used in the actual GSH determination. The neutralization to pH 7.2 and 
dilution to 2.0 ec. is carried out as previously described. 
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ployed in testing the tissue extract. For this reason, it is not 
necessary, ¢.g., to use exactly 2 mg. of methylglyoxal per deter- 
mination, or buffer whose pH is exactly 7.2, oran incubation period 
of 30 rather than 45 minutes. 

As described, each reaction mixture involved in obtaining the 
standard curve (as well as in GSH determinations on sulfosalicylic 
extracts of tissue) is made up to contain the equivalent of 0.5 ce. 
of 2 per cent sulfosalicylie acid. It has been found that identical 
standard curves are obtained when the sulfosalicylic acid is en- 
tirely omitted, or when it is replaced by 3 per cent sulfosalicylic 
or 3 per cent metaphosphoric acid. This indicates that these 
quantities of the above acids are not toxic to glyoxalase, and that 
metaphosphoric acid, as well, may be used for deproteinization. 
It should be pointed out, however, that the yeast blank titration 
may vary slightly, depending on the amount and kind of acid 
present, and should always be determined under the conditions 
used in working with tissue extracts. 


EXPERIMENTAL 


Recovery Expertments—-Table I presents the results of GSH es- 
timations and recovery experiments carried out with the new 
method. Ixtracts of animal tissues (rat) were 1:5 in 2 per cent 


-sulfosalicylic acid; bakers’ yeast, 1:10 in sulfosalicylic acid; and 


potato, apple, and 6 day corn sprouts, 1:3 in sulfosalicylie acid. 
Recovery of added GSH was satisfactory. 

Comparison of Titrimetric and Manometric Methods—Table II 
shows that, within the limits of experimental error, the new titri- 
metric procedure gives the same GSH values for tissues as does 
the original manometric (3) glyoxalase method. The extracts 
used were prepared as for Table I. 

Titrimetric Estimation of Methylglyoral—The bisulfite procedure 
for the titrimetric estimation of methylglyoxal, as described by 
Clift and Cook (4), did not give satisfactory results in our hands. 
In their method the first end-point is adjusted immediately after 
destruction of the excess bisulfite with strong iodine. Under these 
conditions accurate adjustment of the end-point was found to be 
impossible because of rapid fading of the blue color."°. The rate 


1° This fading is probably due to partial dissociation of the methy!l- 
glyoxal-bisulfite complex. One explanation for the observed behavior is 
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of fading (dissociation ?) was high during the Ist few minutes 
after removal of the excess bisulfite, then gradually decreased; 
it was also more rapid at 30° than at 20°, and more noticeable with 
the larger quantities of methylglyoxal (1 to 2 mg. in 5 cc.). 


TABLE 


Glutathione Estimations and Kecovery Experiments with Titrimetric Method 


Volume | GSH 


content oF Total | Added 
Tissue extract | extract | | | added | | | 
_determi- (ealeu- | mated ered 
nation lated) | 
ce, | mg. | wap taied | omg. | mg. | mg. | per cent 

0.25 | 0.087 174 | | | | 

0.125 0.043 172 0.025 0.067 | 0.02496 

Kidney.............| 0.50 | 0.053 | 53 | | | | 

(0.25 «60.026 52 00.025 0.051 0.025 

0.25 0.050 0.076 0.050 100 
0.25 |0.046, 92 | | | 

0.50 0.060 60 | | | 

0.25 0.031) 62 0.025 0.056 0.025 100 
0.25 (0.015 30 0.025 0.039 0.024 96 

ade 0.25 0.050 0.065 0.050 100 
'0.50 10.032; 32 | | | 

Blood (whole) 0 0.019 19 | | 

0.25 | | 0.025. 0.035 0. 0255 102 

0.25 | 0.050 0.059 0.0495 99 
0.25 0.032 128 0.025 0.055 0.023 92 

0.25 | | 0.050 0.081 0.049 98 
0.50 0.018 10.8 0.025 0.043 0.025 100 
0.50 O | 0.025 | 0.023 0.023 92 
Corn sprouts. | 0.50 0.021 12.6 0.025 0.047 0.026 104 


— 


It was found that this difficulty can be overcome by incubating 
the reaction mixtures for 15 minutes BS nee) at 25° im- 


that t bisulfite i is to both groups of the one 
bond being quite labile. As the bisulfite is removed with strong iodine, the 
labile bond slowly dissociates, until after 15 minutes at 25° it is completely 
dissociated. In view of the low titrations observed, it may be assumed 
that the second carbonyl-bisulfite linkage also dissociates to some extent 
under these conditions. 
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mediately after the excess bisulfite is destroyed. When this is 
done, the first end-point is stable for several minutes, the sub- 
sequent titrations are reproducible to 0.02 ce. of 0.005 N iodine, 
and, in the range from 0 to 2 mg. of methylglyoxal (in 5 ee.), the 
titer is directly proportional to the quantity of methylglyoxal 
present. 1 mg. samples of methylglyoxal (in 5 ec.) treated as de- 
scribed required 4.69 ec. of 0.005 N iodine; with incubation periods 
of 10 and 20 minutes, the titrations were 4.72 and 4.66 ec., respec- 
tively. Therefore, by controlling the time of incubation to +2 
minutes, the error becomes negligible. The time of standing with 


TABLE II 
Comparison of Titrimetric and Manometric Methods 


GSH found 
Extract Difference 
Titrimetric | Manometric | 
mg. per cent mg. per cent per cent 
73 | 76 4.1 
74 | 76 +2.7 
Heart A...... 66 | 67 |  +1.5 
65 | 62 | —4.6 
22 | 24 | 9.1 
60 | 62 | +3.3 
Blood (whole)...... 21 | 21 | 0 


138 


| 


bisulfite is immaterial, provided it is at least 15 minutes. Gluta- 
thione does not interfere in the titration. 

Clift and Cook found that the amount of iodine required did not 
correspond to a stoichiometric union of either 1 or 2 molecules of 
bisulfite with 1 molecule of methylglyoxal, but to an intermediate 
value. Thus, in their procedure, 1 mg. of methylglyoxal required 
7.02 cc. of 0.005 N iodine, instead of 5.55 ec. as theoretically re- 
quired for a 1:1 union of the two constituents in question. Our 
procedure gives a value (4.69 ec.) considerably below even a 1:1 
ratio. By omitting the 15 minute incubation period at 25° and 
performing the titration at a lower temperature (15°), values 
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ranging from 6 to 7 cc. of iodine per mg. of methylglyoxal have 
been obtained. The empirical nature of this relationship is of 
no significance to the glutathione method just described, since the 
titrations are reproducible when conditions are properly controlled. 


SUMMARY 


1. The specific glyoxalase method of Woodward (3) for the 
estimation of reduced glutathione has been modified. The new 
procedure eliminates the use of manometric methods, the extent 
of the glyoxalase reaction being determined by titrimetric measure- 
ment of unchanged substrate (methylglyoxal). 

2. The bisulfite procedure (4) for the 1iodometric estimation of 
methylglyoxal has been improved. 
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TISSUE METABOLISM IN VITAMIN DEFICIENCIES 


I. EFFECT OF DEFICIENCIES IN RIBOFLAVIN AND OTHER 
HEAT-STABLE VITAMIN B COMPONENTS 


By A. BAIRD HASTINGS, JYTTE MUUS, ann OTTO A. BESSEY 


(From the Department of Biological Chemistry and the Department of 
Pathology, Harvard Medical School, Boston) 


(Received for publication, May 5, 1939) 


It has become increasingly apparent that the members of the 
group of compounds belonging to the vitamin B complex are 
concerned with the oxidations carried out in certain tissues. The 
importance of one of these vitamin B factors, riboflavin, for cell- 
ular respiration has been established by the thorough investiga- 
tions of Warburg and Christian (1). For a complete bibliography, 
see Theorell (2). 

The present paper is concerned with the metabolism of liver 
and muscle of rats which had been maintained on a diet (a) de- 
ficient in riboflavin, (6) deficient in components of the heat-stable 
vitamin B complex other than riboflavin, and (c) deficient in both. 


EXPERIMENTAL 


The basal diet consisted of casein (extracted)! 18 per cent, 
Osborne and Mendel’s salt mixture (3) 4, cod liver oil 2, agar 4, 
sugar 14, corn-starch® 50, butter fat 8 per cent, and thiamine 
chloride 20 micrograms daily. 

The controls were fed this diet plus 20 micrograms daily of 
crystalline synthetic riboflavin plus the riboflavin-free extract of 
4 gm. of yeast. The deficient animals were deprived of either 
the riboflavin, the yeast extract, or both. 


1 Extracted twice by shaking with 60 per cent alcohol overnight, and 
twice by refluxing for 3 hours with 95 per cent alcohol. 

2 Extracted twice by refluxing for 3 hours with 95 per cent alcohol. 

3200 gm. of dry brewers’ yeast and 1 liter of water were brought, while 
being stirred, to boiling, and cooled; 200 ec. of methyl alcohol were added. 
The supernatant liquid was decanted or centrifuged, the alcohol distilled 
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The animals were put on the experimental diet at the age of 30 
days, and kept on it until they developed unmistakable signs of 
deficiency. 

The oxygen consumption of the tissues was measured in War- 
burg respiration chambers of the Erlenmeyer type. All prepara- 
tions of tissue were carried out in a constant temperature room at 
38°, and the measurements of respiration in a water bath at 38°. 

The rats were killed by decapitation and the liver and dia- 
phragm were excised. The liver was sliced with a razor and the 
diaphragm cut in two or three pieces with scissors, with care to 
avoid including the central connective tissue. The liver slices 
and diaphragm pieces were washed in phosphate-saline, and trans- 
ferred to the Warburg vessel. The Warburg vessel contained 3 
ec. of phosphate-saline in the outer compartment and 0.2 ec. of 
KOH and filter paper in the inside vessel. The composition of 
the phosphate-saline was, in 100 cc., 87.6 ec. of 0.154 Mm NaCl, 
2.6 cc. of 0.154 Mm KCI, 1.0 ce. of 0.103 Mm CaCl, 0.5 ce. of 0.103 
M MgCl, 0.75 ec. of 0.1 per cent phenol red, and 7.5 ec. of M/15 
Serensen phosphate buffer, pH 7.4, and 0.2 gm. of glucose. The 
respiration was measured in an atmosphere of oxygen. The 
readings were started 10 minutes after the vessel had been placed 
in the water bath and about 40 minutes after the animal was killed. 
The tissue was removed at the end of the experiment and dried 
overnight at 105° to obtain the dry weight. In most cases, the 
liver was run in triplicate, the diaphragm in duplicate. In 
Tables I to V the results are expressed as Qo, (e.mm. of Og per 
mg. of dry weight of tissue per hour). In most cases, the rate of 
oxygen uptake was constant for the Ist hour. In the few cases 
in which there was a slight decrease in the rate of oxygen consump- 
tion after 40 minutes, the rate up to that time has been recorded 


in Tables I to V. 
Results 


The oxygen consumption of the liver and diaphragm of five 
groups of rats is recorded in Tables I to V. The results found 


off, and HCl added until acid to Congo red. The extract was treated 
twice while being stirred with small portions of fullers’ earth (tonsil, 
L. A. Salomon and Brothers, New York) until free of riboflavin as tested by 
the absence of fluorescence to ultraviolet light. It was distilled at 60°: 
or evaporated until 1 cc. equaled 2 gm. of yeast. 
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from the study of the tissues of each group and the treatment they 
had received follow. 

Group 1 (Table 1)--Fourteen rats were kept on the experimental 
diet including the yeast extract plus riboflavin for periods varying 
from 110 to 161 days. These animals grew less than normal but 
seemed healthy in all other respects. They comprise the control 
series. The average Qo, found for the liver of these animals was 
9.5 ¢.mm. per mg. per hour, and for the diaphragm was 6.4 ¢.mm. 


TABLE I 
Rate of Oxygen Consumption (Q,,) of Liver and Muscle of Control Rats 


Age Days on diet Weight Qo, of liver Yo, of muscle 

days gm. c.m mg. mg. 
149 | 119 | 138 | 9.4 | 6.6 
156 | 126 | 135 | 10.0 | 6.0 
140 | 110 | 200 | | | 8.8 
191 161 | 175 | 9g} | 5.7 
191 | 161 | 252 7.8 | 5.5 
191 | 161 | 150 9.4 6.5 
191 | 161 179 9.2 6.1 
191 | 161 | 251 8.8 5.7 
170 | 140 205 8.9 6.2 
170 140 152 9.5 6.0 
158 128 144 | 10.8 7.0 
156 126 148 9.1 6.8 
163 133 140 10.3 6.5 
163 133 157 10.9 6.3 


per mg. per hour. These values correspond favorably with com- 
parable values reported for rat liver and diaphragm by others (4). 

Group 2 (Table II1)—Seven rats were maintained on the ex- 
perimental diet without added yeast extract but including added 
riboflavin. These animals did not gain weight after the defi- 
ciency was established; they developed skin lesions and exhibited 
marked weakness. The livers of these animals were grossly 
yellow, and upon microscopic examination showed fatty infiltra- 
tion. The diaphragms were normal on histological examination. 
The average oxygen consumption of the livers of this series was 
7.4 ¢.mm. per mg. per hour, representing a decrease of 22 per cent 
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below the average of the control series. It is believed that this 
decrease is to be attributed to the increase of fat in the liver tissue. 
A scudy of the occurrence of fatty livers in vitamin Bs deficiency 
has recently been made by Halliday (5). 

The oxygen consumption of the diaphragm averaged 6.8 ¢.mm. 
per mg. per hour, which represents no significant difference from 
that of the controls. 

Group 8, Riboflavin-Deficient (Table III)-—Sixteen rats were 
maintained on the experimental diet, supplemented by the ribo- 
flavin-free yeast extract, without added riboflavin, for periods 
varying from 70 to 126 days. The clinical and pathological 


TABLE II 


Rate of Oxygen Consumption of Liver and Muscle from Rats Deficient in 
Heat-Stable Components of Vitamin B Complex Other Than Riboflavin 


Age Days on diet Weight Qc), of liver Q, of muscle 
days gm c.m mg. c.m mg. 
100 70 65 7.3 6.9 
100 | 70 60 7.8 6.3 
138 119 8.6 7.3 
126 | 96 9Y 3.0 6.9 
126 96 OS A 6.9 
112 | 82 91 8.7 7.2 
eee 82 97 7.6 6.1 


changes which ensued have been described by Bessey and Wolbach 
(6), and will not be repeated here. Suffice it to say that the ani- 
mals had failed to gain weight after about 21 days. The average 
Qo, of the liver of this series was 9.0 ¢.mm. per mg. per hour, a 
figure not appreciably different from that of the control series. 

A striking difference was encountered in the oxygen consumption 
of the diaphragm of this series as compared with that of the con- 
trols. The Qo, was found to be 8.2 c.mm. per mg. per hour, 
representing an increase of 28 per cent above the control average, 
and a 21 per cent increase over the oxygen consumption of the 
diaphragms of Group 2, which had received riboflavin but no 
extracted yeast supplement. Since the age and weight of Group 
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Age 


days 


156 
135 
156 
100 
100 
100 
100 
107 
107 
107 
107 
121 
121 
114 
114 
121 
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TABLE III 


Rate of Oxygen Consumption of Liver and Muscle 


from Riboflavin-Deficient Rats 


Days on diet Weight 
gm. 
126 Sl 
105 60 
126 102 
70 70 
70 
70 76 
70 6S 
77 78 
77 52 
77 33 
77 64 
100 695 
100 
S4 55 
S4 SO 
79 


TaBLe IV 


Vo, of liver 


c.mm, per mg. 


per hr. 
9.4 


c.mm. 


Nowoc oa 


Qo, of muscle 


bo 


Rate of Oxygen Consumption of Liver and Muscle from Rats on 
Riboflavin-Deficient Diet Followed by Recovery Diet 


Age 


days 


156 
114 
121 
121 
112 
112 
12] 
121 


Average 


Days on diet* Weight 
gm. 
126 122 
SO SD 
SY 117 
SY SY 
9] 
S82 L16 
S4 109 


* Including 14 days on recovery diet. 


of liver 


c.mm, per mg. 
per hr. 


11.0 


Qo, of muscle 


c.mm. per mg. 
h 


per 
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7.6 6 
6 
9.2 
7 q 
4 
12.9 7 
lO .2 
11.4 7 
10.2 
3 7 
10.2 
6.9 
7 
9.0 
| 4 
7.9 
1 
| i.0 
8.2 7 
<4 121 7.8 7 
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2 correspond approximately to those of Group 3, it would seem 
clear that the difference in the muscle metabolism cannot be 
attributed solely to the failure to grow normally. No histological 
changes in the diaphragm which would account for the increased 
metabolism could be detected. 

It may also be mentioned in this connection that two rats, kept 
on a balanced but calorically insufficient diet for 63 days so that 
their normal development was prevented, had diaphragm Qo, 
values of 6.9 and 6.2 respectively. These results give further 
support to the conclusion that the increase in the oxygen consump- 
tion of the diaphragm of the riboflavin-deficient rats is the result 
of a change produced in the oxidation system of the tissue. 


TABLE V 
Rate of Oxygen Consumption of Liver and Muscle from Rats Deficient in 
Heat-Stable Components of Vitamin B Complex (Including Riboflavin) 


Age Days on diet | Weight 3 VO» of liver Os of muscle 
days gm mg. | mg. 
100 70 60 | ee 9.3 
86 56 58 | 7.4 | 9.1 
86 56 55 | 8.8 | 7.4 
86 56 61 | So 8.5 
86 56 $2 | 7.0 | 9.6 
86 56 65 | 8.8 
86 56 46 | 7.8 | 9.2 
| 7.4 | 8.8 


Group 4 (Table IV)—FEight rats were kept on the same diet as 
those of Group 3 (riboflavin-deficient) for periods varying from 
66 to 112 days, during which they developed the symptoms char- 
acteristic of riboflavin deficiency. Subsequently, riboflavin was 
added to their diet for 14 days, following which they were sacrificed 
and the metabolism of the liver and diaphragm measured. The 
average Qo, of the liver was found to be 8.8 ¢c.mm. per mg. per 
hour, a value not significantly different from that of the animals 
sacrificed at the height of their deficiency. 

The Qo, of the diaphragm was 7.3 ¢.mm. per mg. per hour. 
This is 11 per cent less than that found when the animals were 
sacrificed at the height of the deficiency. 
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Group 5 (Table V)— Seven rats were placed on a diet deficient 
in the yeast extract and riboflavin. Such a diet may be char- 
acterized as adequate save for the heat-stable components of the 
vitamin B complex. These animals exhibited the clinical symp- 
toms of Group 2 to an even more marked degree. 

The determination of the oxygen consumption of this series 
showed a reduction of the Qo, of liver to 22 per cent below normal, 
and an increase of the Qo, of muscle to 37 per cent above normal. 
These results seem to indicate that the effect of the deficiency in 
riboflavin on the metabolism of the diaphragm is independent of 
the effect of the deficiency in the other heat-stable components of 
the vitamin B complex on the liver. When both deficiencies are 


_ present in the same diet, the independent effects seem to be 


additive. 
No explanation of the manner in which the riboflavin deficiency 
brings about the increased metabolism of the muscle is proposed. 


SUMMARY 


Diets deficient in the heat-stable components of the vitamin B 
complex present in yeast were found to produce a 22 per cent 
decrease in the oxygen consumption of rat liver and an increase of 
approximately 30 per cent in the oxygen consumption of rat 
diaphragm. 

The two effects are to be attributed to different chemical in- 
dividuals. Only the increase in diaphragm metabolism occurs 
when the diet is deficient in riboflavin. Addition of crystalline 
riboflavin to the diet causes the diaphragm metabolism to return 
toward normal values. 

Only the decrease in liver metabolism occurs when the yeast 
extract is omitted from the diet but riboflavin is included in the 
diet. ‘The decrease in liver metabolism is associated with fatty 
infiltration and probably does not represent a specific alteration 
in the metabolic process of the active liver cells. 
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TISSUE METABOLISM IN VITAMIN DEFICIENCIES 
II. EFFECT OF THIAMINE DEFICIENCY : 


By JYTTE MUUS, SOMA WEISS, ann A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, and 
the Thorndike Memorial Laboratory, Boston City Hospital, Boston) 


(Received for publication, May 5, 1939) 


In a study of the effect of deficiencies of various components of 
the vitamin B complex on the metabolism of excised tissues, ob- 
servations have been made on the oxvgen consumption of the heart 
and diaphragm of rats deficient in thiamine chloride (vitamin 
B,). The rats studied were the same as those used for the study 
of the electrocardiographic changes associated with thiamine 
deficiency (1). 

Peters and coworkers were the first to observe a decrease in the 
oxygen consumption of minced brain from thiamine-deficient 
pigeons (2-4). Later, a similar low oxygen consumption in 
minced tissues of thiamine-deficient animals was observed in rat 
brain (5), in chicken brain, kidney, and heart by Sherman and 
Elvehjem (6), and in rat brain, kidney, and heart by Sure and 
DeWitt (7). Goldschmidt and Lewin (8) have reported a de- 
crease in the oxygen consumption of liver slices in vitamin B, 
deficiency, but the results of both normal and experimental tissues 
are surprisingly low. 

The purpose of the present experiments was (a) to determine the 
oxygen consumption of auricular and ventricular tissue separately 
and (6) to determine whether metabolism changes in the heart, 
could be correlated with electrocardiographic evidence of fune- 
tional changes. | 


EXPERIMENTAL 


The animals used in the metabolism experiments were taken 
from the same group as those described by Weiss, Haynes, and 
Zoll (1). The details of the diet of the animals may be found in 
their paper. 
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Table I records the general state of deficiency, the heart rate, 
and the electrocardiographic changes of the rats used in the present 


TABLE I 
Symptoms Present on Day of Experiment 


Rat | Heart | Elect d h | | 
5 | 113 | 384 Negligible Moderate Low T-waves_ pre- 
| | | viously 
14, 85 | 390 
21 105 428 
28 «151 380 | 
29 137 | 360 low 
| | | right 
| | | _ Marked weight loss 
9 98 | 326 Negligible Marked | 
17. 102 319-375 T, high, P-T promi- Heart displaced to 
| | nent right 
13 | 84 | 366 Negligible 
27 | 89 | 326 | T; flat 9 
TABLE II | 
Oxygen Consumption of Muscle and Heart from Normal Rats | 
The results are expressed in c.mm. of O, per mg. of dry weight per hour. : 
| | Ratio, Qo, 
j Diaphragm | Ventricle Auricle _ (auricle) to Qo, 
(ventricle) | 
6.0 5.9 | 2.00 | 
7.0 | 21.4 | 
6.7 | 8.0 17.3 2.17 
6.5 v7 15.0 | 1.95 
6.3 7.3 14.9 2.04 
Average........ 6.5 7.8 | 15.7 | 2.04 
experiments. The state of deficiency was judged by taking into 
i account general symptoms, loss of weight, time since last ad- 
& ministration of vitamin B,, and cardiac changes. 
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The rats were killed by decapitation and the heart excised as 
quickly as possible. The auricles were removed and used whole; 
the ventricles were sliced with a razor. The diaphragm was also 
removed and two pieces, cut free from connective tissue, were 
used without slicing. Experiments on the ventricle and dia- 
phragm were made in duplicate or triplicate. 

The respiration of the tissue was measured in Warburg cham- 
bers of the Erlenmeyer type, according to the technique described 
in the preceding paper. Readings were started 35 minutes after 
the death of the animal, and measurements were made at 10 
minute intervals for 60 to 90 minutes. Tissues from normal 
animals showed no decrease in rate of oxygen consumption during 
this time. In a few instances, the ventricle from the thiamine- 
deficient animals showed a slight decrease in rate after about 50 
minutes. In such cases, the rate up to 50 minutes has been re- 
corded. In Tables I and III, the rate of oxygen consumption is 
recorded as Qo, (c.mm. of Og per mg. of dry tissue per hour). 


Results 


It will be seen from Table II that, while the ventricle of normal 
rats showed approximately the same oxygen uptake as the dia- 
phragm, the oxygen consumption of the auricle was twice as 
great. This surprising difference seems not to have been pre- 
viously observed. No such difference was observed in cold 
blooded animals (9). We have no explanation to offer for the 
difference between the auricles and the ventricles. An attempt 
was made to distinguish between the metabolism of the right and 
left ventricle without success. 

The results from the hearts and diaphragms of deficient animals 
are collected in Table III. The ventricles show the same Qo, as 
the normal, but the Qo, of the auricles is markedly decreased 
(27 per cent on the average). Since the absolute rates of oxygen 
consumption in normal hearts show wide variations, while the 
ratio of Qo,(auricle) to Qo,(ventricle) is surprisingly constant, 
the difference seems even more striking compared on this basis. 
Only one of the ten hearts from the group of deficient animals 
showed a ratio of Qo, (auricle) to Qo, (ventricle) that was higher than 
even the lowest result from the normal group. 

The oxygen consumption of the diaphragm of the thiamine- 
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deficient animals was slightly but consistently elevated, the aver- 
age Qo, of the experimental series being 15 per cent higher than 
that of the control series. 


Comments 


Though the oxygen consumption of the auricles in the thiamine- 
deficient group as a whole is decidedly lower than normal, no 
correlation could be found between reduction in Qo, and the 
general state of deficiency or any of the special symptoms in the 


TABLE III 
Oxygen Consumption of Muscle and Heart from Thiamine-Deficient Rats 
The results are expressed in c.mm. of O, per mg. of dry weight per hour. 


Ratio, QO, 


. of , of _ of 
5 8.4 8.3 12.0 1.44 
14 8.0 8.1 10.1 1.24 
21 8.4 9.4 11.0 
238 6.8 8.3 10.9 1.31 
29 7.5 7.8 10.8 1.39 
30 8.3 8.3 9.3 1.12 
4 5.5 6.3 7.6 1.21 
17 9.0 7.7 16.3 2.12 
13 13.2 1.72 
27 7.3 8.4 14.4 1.71 
Average.... 8.0 11.5 1.44 


individual rats. Rat 17 was very deficient, had a low heart rate, 
and definite changes in the complexes, but the Qo, was even 
slightly higher than normal. Rat 21, on the other hand, was not 
very deficient, had a high heart rate, and no marked changes of 
the complexes, with a quite low Qo, of the auricle, and especially 
a very low ratio of Qo,(auricle) to Qo,(ventricle). 

Sure and DeWitt (7), working with minced heart tissue, found 
a decrease in oxygen uptake for the vitamin B,-deficient group, 
as a whole, but they also found no correlation between decrease 
in oxygen uptake and degree of deficiency. 
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SUMMARY 


1. While the ventricular tissue of normal rats has approximately 


the same oxygen utilization as the diaphragmatic tissue, the 
oxygen consumption of the auricular tissue is twice as great. 


2. Thiamine deficiency results in a decrease in the metabolism 


of the auricular tissue of the rats, but there is no significant change 
in the metabolism of the sheed ventricular tissue. Diaphrag- 
matic tissue has a slightly increased metabolism. 


3. Close correlation could not be found between the reduced 


oxygen consumption of the auricle and the general state of de- 
ficiency of the animals, the heart, and the electrocardiographic 
changes. 
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THE METABOLISM OF N-METHYLATED AMINO ACIDS 


II. THE COMPARATIVE AVAILABILITY OF /(—)-TRYPTOPHANE, 
1(+)- AND d!-AMINO-N-MONOMETHYLTRYPTOPHANE 
FOR GROWTH* 


By WILLIAM G. GORDON 


(From the Department of Chemistry, Stanford University, California) 


(Received for publication, April 21, 1939) 


Synthetic amino-N-monomethyltryptophane  (dl-a-methyl- 
amino-§-3-indolylpropionic acid) was proved to be capable cf 
stimulating growth in rats maintained on a diet deficient in 
tryptophane by Gordon and Jackson in 1935. However, the 
racemic N-methylamino acid was found to be not as efficient as 
tryptophane itself for the promotion of growth. Two possible 
explanations for the relative inefficiency of the synthetic N-methyl- 
amino acid were suggested: 


(1) The optical antipode of amino-N-methyltryptophane of the same 
configuration as d-tryptophane, the stereoisomer which does not occur in 
nature, cannot be broken down by the animal organism. (2) The afore- 
mentioned enantiomorph can be broken down but the conversion of dl- 
amino-N-methyltryptophane to tryptophane or to some physiologically 
available progenitor of the amino acid is not quantitative.’’ 


In order to secure experimental evidence regarding the fore- 
going hypotheses a supply of either d- or l-amino-N-methyltrypto- 
phane was required. With either of these substances at hand it 
would also be possible, in the event that /-amino-N-methyltrypto- 
phane alone were found to be growth-promoting, to determine 
whether the /-N-methylamino acid is equivalent physiologically 
to l-tryptophane. 


* Aided by a grant from the Stanford University School of Medicine 
Research Fund. A preliminary report of this work was presented by title 
before the meeting of the American Society of Biological Chemists at 
Baltimore, March, 1938 (Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 123, 
p. xliii (1938)). 
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A convenient method for the preparation of 1(+)-amino-N- 
methyltryptophane was made available as a result of the investi- 
gation of Hoshino in 1935 and that of Cahill and Jackson in 1988. 
Hoshino identified the crystalline substance, abrine, isolated 
from the seeds of Abrus precatorius (jequirity beans), as dextro- 
rotatory amino-N-methyltryptophane. Cahill and Jackson race- 
mized abrine, proved that the racemic material was identical with 
the synthetic dl-amino-N-methyltryptophane of Gordon and Jack- 
son (1935), and established the fact that dextrorotatory abrine is 
of the same optical configuration as the naturally occurring 
l(— )-tryptophane. 

In the experiments to be described in the present report a com- 
parison of the growth-promoting ability of /(—)-tryptophane, 
(/(+)-abrine), and dl-amino- 
N-methyltryptophane (dl-abrine) has been made. 

EXPERIMENTAL 

The detailed procedures used for the preparation of 1(+)- and 
dl-abrine are deseribed by Cahill and Jackson (1938). 

The /(+)-abrine employed in the feeding experiments was iso- 
lated from jequirity beans. The compound was thrice recrys- 
tallized from hot water. Analysis of the purified material gave 
values of 12.72 and 12.80 per cent nitrogen; the calculated figure 
is 12.85 per cent. The specific rotation, [a]*, of the l(+)-abrine 
was +45.7° in 0.56 Nn HCl. 

The dl-abrine was obtained by racemization of /(+ )-abrine with 
barium hydroxide. The racemized product was _ recrystallized 
twice from hot 70 per cent ethyl aleohol. The nitrogen analyses 
in this case gave values of 12.69 and 12.66 per cent nitrogen. The 
purified material showed no optical activity. 

Young male rats were used as experimental animals in the 
growth studies. The animals were fed a complete diet until they 
had attained a weight of approximately 110 gm. They were then 
given a basal diet, deficient in tryptophane, which consisted of 
acid-hydrolyzed casein 14.7, cystine 0.3, dextrin 37, sucrose 15, 
salt mixture (Osborne and Mendel, 1919) 4, ground agar 2, and 
lard 27 per cent. In addition each animal received daily 200 mg. 
of dried yeast and 100 mg. of cod liver oil, the vitamin supplements 
being administered apart from the remainder of the diet. The 
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deficient ration was fed for a period of at least 35 days. The ani- 
mals were then divided into five groups. Three rats in Group I 
served as negative control animals; they were maintained on the 
deficient diet throughout the investigation. Two rats in Group 
2 were positive control animals; following the initial depletion 
period they received the deficient diet supplemented with 267 mg. 
of l(+)-abrine per 100 gm. of basal food. In Group 3 two rats 
were fed the basal diet supplemented with 53.4 mg. of 1(+ )-abrine 
per 100 gm. of food for 35 days; during the next 35 days the 
supplement was 50 mg. per cent of I(—)-tryptophane (53.4 mg. 
of )-abrine and 50 mg. of )-tryptophane are equimolecular 
quantities). With two other rats in Group 3 this procedure was 
reversed; these animals received first the l(—)-tryptophane and 
then the /(+)-abrine supplement. In Group 4 two rats were fed 
first 53.4 mg. per cent of /(+)-abrine and then 53.4 mg. per cent 
of dl-abrine as supplements; two other rats in this group received 
the supplemented diets in the reverse order. In Group 5 two 
rats .eceived 106.8 mg. per cent of dl-abrine for a period of 35 
days followed by 53.4 mg. per cent /(+ )-abrine for a similar period. 

In all cases the amino acid supplements were incorporated in 
the basal, deficient ration. The diets were fed ad libitum. Indi- 
vidual food consumption data as well as weight changes were 
recorded, 


DISCUSSION 


The results of the growth studies are summarized in Table I. 
The rats in Group | lost weight slowly throughout the experiment 
on the unsupplemented diet. The positive control animals in 
Group 2 grew fairly rapidly when the deficient diet was supple- 
mented with a substantial amount of /(+)-abrine. 

In Groups 3 and 4 the order in which the supplements were 
administered did not appear to influence the results. In Group 3 
the four rats, during the period of /-tryptophane administration, 
grew at an average rate of 0.57 gm. per day. During the period 
in which an equimolecular quantity of /(+)-abrine was fed, the 
same rats grew at an average rate of 0.32 gm. per day. These 
results indicate that /(+)-abrine is not quite as efficient as 
l(—)-tryptophane in the promotion of growth and that the con- 
version of [(+)-abrine to tryptophane or to some physiologically 
available precursor of the amino acid is not quantitative. 
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The four rats in Group 4 grew at an average rate of 0.43 gm. 
per day when the supplement was /(+ )-abrine, whereas the same 
rats, fed an identical amount of dl-abrine, grew at an average 
rate of only 0.06 gm. per day. Furthermore, the two rats in 

TABLE I 
Average Daily Weight Changes and Food Consumption of Male Rats Fed 
Tryptophane-Deficient Diet and Various Supplements 


| | 
> > 
| | | Supplements per 100 gm. 
2 | eso | basal food 
@ | | BAS 
> + 6.8 « | > 
gm. gm. | gm, 
69 1- 35 —0.57 | 72 35 46 None 


4.3 
36- 70'-0.14 3.4) 
3.2 


36- 70 —0.20. 3. | 
71-105 —0.06 


71-102 —0.31 


75 1- 35 —0.57 
36- 70 —0.26 
71-105 —0.26 | “ 
2| 3] 1- 53/—0.26] 1- 53 —0.06 
54- 69 +2.6— $1.5 | 267 mg. /(+)-abrine 
3 63 1- 35 —0.63 68 1- 35 —0.57 None 
36- 70 +0.37 36- 70 +0.31 mg. U(+)-abrine 
71-105 +0.66 71-105 +0.49 50 mg. /(—)-tryptophane 
60 1- 35 —0.57 35 —0.71 
36- 70 +0.51 36- 70 +0.60 50 mg. l(—)-tryptophane 
71-105 +0.26 71-105 +0.34 mg. /(+)-abrine 


4 61 1- 35 —0.63 1- 35 —0.63 None 


lO 


36- 70 +0.57 70 +0.31 53.4 mg. l(+)-abrine 
71-105 +0.06. 71-105 —0.03 53.4 dl-abrine 
35 —-0.51 1- 35 —0.54 

36- 70 +0.11 36- 70 +0.09 53.4 mg. dl-abrine 
| 71-105 +0.46 71-105 +0; 37 “ 1(+)-abrine 

5 70 1- 43 —0.56 43 —0.49 
78 +0.34 44- 78 +0.46 106.8 mg. dl-abrine 
79- 113 +0.40 mg. 


79- 113 +0. 43, 
Group 5 grew at an average rate of 0.41 gm. per day during the 
period in which /(+)-abrine was administered; when twice as 
much dl-abrine was fed to the same animals, they grew at an 
average rate of 0.40 gm. per day. It might be concluded from 
these observations that d(—)-abrine cannot be utilized by the rat 
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for purposes of growth. However, the validity of this conclusion 
will depend ultimately on the results of studies with d(—)-abrine 
itself. 

The results herein reported afford an adequate explanation for 
the relative inefficiency of synthetic dl-amino-N-methyltrypto- 
phane as a dietary substitute for tryptophane; for not only is the 
d(—) antipode unavailable to the rat for purposes of growth, but 
the /(4-) compound is not equivalent physiologically to l(— )-tryp- 
tophane. The data also bring to mind the observations of du 
Vigneaud, Sealock, and Van Etten (1932) and those of Berg (1934) 
which proved that acetyl-l-tryptophane is capable of supporting 
the growth of rats maintained on a diet deficient in tryptophane 
and that acetyl-d-tryptophane is ineffective in this respect. Thus, 
acetyl-l-tryptophane and /(+)-abrine, both related configura- 
tionally to /-tryptophane, are utilized in metabolism, whereas 
acetyl-d-tryptophane and d(—)-abrine, possessing the configura- 
tion of d-tryptophane, are not. Admittedly, this relationship is 
rather a loose one, as the metabolic paths followed by acetyl-l- 
tryptophane and /(+)-abrine are undoubtedly different in the 
initial stages. In the case of the acetyl derivative the specificity 
of a hydrolytic enzyme probably determines the physiological 
availability of the substance. On the other hand, utilization of 
the N-methyl derivative doubtless depends on the specificity of a 
demethylating or deaminating enzyme. 

In two papers recently published Chin Kyu-sui (1938) has 
compared /(+ )-abrine and l-tryptophane with respect to the pro- 
duction of kynurenine and kynurenic acid in rabbits, the accelera- 
tion of hematopoiesis following phenylhydrazine hydrochloride 
administration in rabbits, and the promotion of growth in rats. 
For the first and last of these physiological functions /(+ )-abrine 
was found to be somewhat less efficient than tryptophane, while 
its hematopoietic activity was stated to be equal to that of trypto- 
phane. The results of the growth studies described by Chin 
Kyu-sui are thus in general agreement with those of the present 
investigation. 


SUMMARY 


A comparison of growth rates shows that /(-+ )-amino-N-methyl- 
tryptophane (/(+)-abrine) is well utilized by the rat but that it 
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is not as efficient as tryptophane itself in the promotion of growth. 
dl-Amino-N-methyltryptophane is considerably less efficient in 
this respect than the (+) compound and the tentative conclusion 
is drawn that the d(—) antipode cannot be utilized by the rat 
for purposes of growth. 
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THE HEMOGLOBIN-OXYGEN EQUILIBRIUM 
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(From the George Herbert Jones Chemical Laboratory of the 
University of Chicago, Chicago) 
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In several previous investigations (1, 2) it was shown that hemo- 
globin prepared by a method involving alumina cream adsorp- 
tion had a higher affinity for oxygen than hemoglobin prepared by 
repeated crystallization. It was also found that other substances 
present in blood inhibited the oxygen uptake (for a definite partial 
pressure of the oxygen) and it was therefore assumed that the 
hemoglobin prepared in this way was in a higher state of purity 
than that prepared by other methods. With the exception of a 
few scattered experiments by Adair, Barcroft, and Bock (3) the 
equilibrium between oxygen and hemoglobin in its purer state 
has not been studied and we have therefore undertaken a system- 
atic investigation of this system, determining spectrophoto- 
metrically the oxygen uptake as a function of the partial pressure 
of the oxygen, pH, temperature change, and salt concentration. 
In this paper we are presenting the results of this study together 
with an explanation of the apparent discrepancies among the 
results of previous investigators. 


Method 


The horse hemoglobin used in the investigation reported here 
was purified by repeated adsorptions with y-aluminum hydroxide 
and was dialyzed to remove the salts, as described by Altschul, 
Sidwell, and Hogness (2). The horse blood which was used in the 
preparation was allowed to settle and the erythrocytes were con- 
centrated by decantation. 250 cc. of this suspension of blood cells 
were washed four times with equal volumes of 0.95 per cent NaCl 
solution. ‘The suspension, after centrifugation, was treated with 
100 ec. of water and 50 ce. of toluene and shaken. After standing 
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a few hours, the solution was centrifuged and the upper fatty 
layer removed. This treatment was repeated by again adding 
50 ce. of toluene and centrifuging. The solution was now treated 
with 0.5 volume of y-aluminum hydroxide suspension prepared 
according to the method of Willstatter and Kraut (4). The mix- 
ture was shaken, centrifuged, and set to dialyze against oxygen- 
saturated water for 48 hours. “When the dialysis was completed, 
the solution was again treated with aluminum hydroxide sus- 
pension, centrifuged, and finally filtered through the sintered glass 
funnel. Previous investigations have shown that crystallization 
prior to the alumina cream treatment does not increase the affinity 
of the hemoglobin for oxygen nor in any way affect its properties. 
This step was therefore omitted. 

The percentage saturation with oxygen for various partial pres- 
sures of oxygen was determined spectrophotometrically by the 
method of Sidwell, Munch, Barron, and Hogness (1). Purified 
oxygen and nitrogen were mixed in the desired proportions and 
passed over the hemoglobin solution which was contained in a 
rocking tonometer absorption cell kept at a constant temperature. 
The degree of oxygenation was measured spectrophotometrically 
and the equilibration repeated until a constant value was obtained. 
The tonometer cells used were described in previous papers by 
Stotz, Sidwell, and Hogness (5), and Altschul and Hogness (6), 
and the photoelectric spectrophotometer used to determine the 
oxygen uptake was that described by Hogness, Zscheile, and 
Sidwell (7). 

Constant temperature of the cell solution was assured by 
thermostats in the chambers containing the cell during oxygen 
equilibration and photometry. Buffer could not be added be- 
‘ause if Was necessary to keep the salt concentration at a minimum. 
According to Adair’s contentions (8) the pH of an unbuffered 
hemoglobin solution should change sufficiently during oxygenation 
to affect seriously the affinity of hemoglobin for oxygen. These 
contentions are the result of calculations in which the natural 
buffering action of the globin was not considered. However, we 
found, by experiment, that the change in pH upon oxygenation 
when no buffer was present is negligibly small, the extent of which 
is shown in Table I. The maximum change with complete 
saturation is only little more than 0.1 pH, and for intermediate 
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values of saturation it is less. This small change produces a 
negligible effect on the oxygen uptake for any given partial pres- 
sure of oxygen. We have therefore established experimentally 
the justification for considering the pH of the solution as being 
essentially constant during the course of oxygenation. 

In all measurements of pH we have used a glass electrode, silver, 
silver chloride, calomel cell with amplification by a circuit which 


TABLE 
Effect of Oxygenation upon pH of a Hemoglobin Solution 


The concentration of hemoglobin = 5.4 * 107% mole per liter, based 
ona molecular weight of 64,000. 


pH, oxvhemoglobin 


pH, hemoglobin (completely saturated) ApH upon oxygenation 


5.50 —0.04 


6.10 6.00 —0.10 
6.64 | 6.50 —0.14 
7.11 7.00 —0.11 
7.56 | 7.50 —0.06 


8.015 | 8.00 | ~0.015 


contains an F P-54 electrometer tube and 1s calibrated with a rel- 


~ atively large number of standard buffer solutions. 


EXPERIMENTAL 


Effect of pH-—-The pH of the solution was varied by the addition 
of 0.025 Nn NaOH or 0.025 n HCl. The maximum concentration 
of sodium or chloride ions introduced by this method was 0.004 
mole per liter. Inasmuch as NaCl introduces only a small salt 
effect (see Sidwell, Munch, Barron, and Hogness (1)), the con- 
centrations used here in adjusting the pH have a negligible de- 
pressing effect on the oxygen affinity of the dialyzed hemoglobin. 
For all experiments the concentration of hemoglobin was 6.4 X 
10-* mole per liter. The experimental results on the effect of pH 
on the per cent saturation as a function of the pressure of oxygen 
are given in Fig. 1. 

Effect of Temperature Change—Fig. 2 shows the effect of the 
variation of temperature on the hemoglobin-oxygen equilibrium. 
The pH was kept constant throughout this series of experiments 
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which were all made on the same preparation of purified hemo- 
globin. Here again the concentration of hemoglobin was 6.4 


x 10-* mole per liter. 
The effect of salts on this equilibrium has been discussed in a 


previous paper (1). A few additional data are presented in a later 


section. 


a 
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OXYGEN PRESSURE IN MM 


Fic. 1. Effect of pH on hemoglobin-oxygen equilibrium 


Interpretation of Experimental Data—On the basis of molecular 
weight determinations, iron analysis, and iron to oxygen ratios it 
has been assumed that the hemoglobin molecule contains four 
interacting heme groups each having the capacity to combine with 
1 oxygen molecule. With this assumption Adair (8) derived the 


t 
t 
\ 
| 
t 
a 
a 
h 
Ic 
of 
ir 
pI 
tc 
th 
| er 
| K 
tw 
| lef 
| co 


A. M. Altschul and T. R. Hogness 319 


following equation for the fraction of hemoglobin oxygenated 
(y) as a function of the oxygen pressure. 


4(1 + Kip + + Ki + Ki K2K3Kap*) 


In this equation A,, Ae, As, and Ay are the association constants! 
of the four hemes when combining with the Ist, 2nd, 3rd, and 4th 
molecules of oxygen respectively. By relating Ae, K3, and Ky, to 
kK, the above equation is customarily put into the form 


_ Kip + 2A(Kip)? + 3B(Kip)* + 4C( 
4(1 + Kip A(Kip) B(Kyp)? C'(Kip)*) 


A is equal to Ay/A,, B to A(AK3/K,), and C to B(A4/K,). Since 
this equation contains four constants, it is not to be expected 
that these constants can be determined uniquely, particularly 
when one considers that y cannot be determined with any very 
high degree of accuracy. Adair (8), Ferry and Green (9), and 
Pauling (10), using entirely different constants, have been able 
to fit this equation equally well to the experimental data for 
crystallized or unpurified hemoglobin. Adair assumed that 
Ke and K; were smaller than AK,, while A, was very much larger; 
in other words, that the 2nd and 3rd oxygen molecules are less 
able to combine with hemoglobin than the Ist, while the 4th has 
a very much greater tendency to do so. This procedure, while it 
has also been followed by Ferry and Green, does not seem to be a 
logical one. Pauling assumes that with increasing oxygenation 
of the hemoglobin molecule, the tendency to combine further 
increases and in analyzing our results we shall adopt his general 
procedure. 

For purposes of physical interpretation it is highly desirable 
to simplify Equation 1 into one which contains only two, rather 
than four constants. The problem is that of making some reason- 
able assumption regarding the interaction between the four heme 
groups which will lead to a relationship between Ky, Ke, As, and 
K;. We shall follow Pauling and describe the interaction between 
two adjacent heme groups by first letting Ae = aky. The differ- 


y (2) 


1 We are following the convention of placing the dissociated forms on the 
left-hand side of the stoichiometric equations, and the ‘‘association’’ 
constants are the inverse of the dissociation constants. 
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ence between the free energy of oxygenation for the attachment of 
the Ist oxygen molecule and for the attachment of the 2nd to an 
adjacent heme group is therefore equal to RT In a, since the free 
energy change for the combination of the Ist oxygen molecule is 


—RT |n K, and for the 2nd —RT In Ko, or —RT In K, — RT In 


100 
O | 
Z 0 
O : 
© 
60T- 
* 
40}— 
pH = 7.3 | 
TEMP 
O- ac 
~ 
35°C 
40 ¢ 
: OXYGEN PRESSURE IN MM | 
Fic. 2. Effect of temperature on hemoglobin-oxygen equilibrium 


a. ‘The free energy term, — RT In a, is then defined as the oxy- 
genation interaction between the heme groups. 

We shall again follow Pauling by assuming that for purposes of 
interaction the heme groups are spaced in the form of a square 
rather than a tetrahedron. However, if the tetrahedral inter- 
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action were assumed, little difference in the general results would 
be made. ‘This means that each heme is assumed to be affected 
by two neighboring groups. If one of these groups is oxygenated, 
the tendency of a neighboring heme group to combine with oxy- 
gen is increased to the extent that its association constant becomes 
equal to ak; where A, is the association constant for the Ist 
oxygen molecule. When two neighboring groups are oxygenated 
the constant becomes a*A,;. Taking into account the fact that 
the statistical factor for the HbO:, molecule is 4 times that of the 
Hb molecule (7.e. the oxygen has four possibilities of attaching 
itself) and applying the proper symmetry factors to the other 
species, we find the relative amounts of Hb, HbOs, Hb(Os)s, 
and Hb(Oe), are 1, 4Kip, (4a + 2)(Kip)*, 4a?(Kyp)3, 
and a*(Ayp)* respectively and Equation 2 becomes 


Kip + (2a + 1)(Kip)? + + a(Kip)4 


= 3 
1+ 4Kip + (da + 2)(Kip)? + Kip)? + Kip) 


By this procedure the equation with four constants has been 
reduced to one containing only two constants. Since A, and p 
occur together in Equations 2 and 3, the character of the curve in 
ay against log p plot will be determined only by @ in Equation 3 
or by A, B, and C in Equation 2 (A, constant). <A different value 
of A, will only shift the whole curve along the log p axis and will 
in no way affect its shape, if a@ is the same for the two or more 
cases in question. Therefore two curves on such a plot which 
have the same shape will have the same values of*a@ (or of A, B, 
and (), and for whatever theory is assumed will represent two 
eases for which the oxygenation interaction between the heme 
groups is the same. The value of a for any experimental set of 
data can therefore be determined by plotting y against log p 
and comparing this with theoretical curves of y calculated from 
Equation 3 against corresponding, but arbitrarily chosen, values 
of log A,p for different values of a.? 
Different curves derived from Equation 3 with various values of 
a are given in Fig. 3. The experimental points superimposed on 
the curve fora = 12 are taken from data by Ferry and Green for 
a buffered solution of crystallized horse hemoglobin. The points 


? Log Ayp = log K, + log p and d log Kp = d log p for any given value 
of y. 
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superimposed on the curve for a = 3 are for the dialyzed salt-free 
sample. For the buffered solution the free energy of interaction 
is about 1500 calories per mole of oxygen, while for the dialyzed 
salt-free sample it is only about 600 calories. After a, or the 
interaction, for any sample is determined under the given condi- 
tions, the value of A, can then be determined quite readily. 


The addition of salts to dialyzed hemoglobin changes both Ay, 
the association constant, and the oxygenation interaction (q@) 
between the heme groups. For a dialyzed salt-free sample K, 

100 T T 
90 I 
60 
70 
60 
50 
de 
40 
30 4 sh 
20 4 
O— FERRY AND GREEN | 
DATA FROM FG 2 
an 
dil 
Fic. 3. Theoretical curves calculated from Equation 3 | ff 
| eff 
is equal to 0.21 mm. ! and @ is equal to 3, while for that sample _ 
containing the bicarbonate buffer A, is equal to 0.0057 mm.~! a 
e 
anda to 12. This large change in A, (large free energy change) : 
brought about by the addition of salt corroborates the previous 
finding (1) that bicarbonate ion has a large depressing effect on m4 
the oxygen uptake for a given pressure of oxygen. From the — 


somewhat meager data at hand it appears that purification of 
hemoglobin by alumina cream adsorption affects only the value of 
K, and does not influence the interaction between the heme groups. | 
Some data by Adair, Barcroft, and Bock (3) before and after 
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adsorption, both solutions being salt-free, indicate that this is the 
ease. In both cases @ is equal to 2 and the values of A, for the 
treated and untreated samples are 0.11 and 0.04 mm.~! respec- 
tively. 

If instead of assuming an interaction between four heme groups, 
one assumes that the hemes are paired and that only interaction 
between two is possible, the equation relating y to pressure 
becomes 


K'ip a’ (Kp)? 


= 4 
1 + + ip)? 


By a proper choice of a and A‘; this equation can be made to fit 
the data for purified hemoglobin as well as Equation 3. Table 
II gives a comparison of Equations 3 and 4 applied to hemoglobin 
purified by adsorption to which, in one case, NaHCO; has been 
added. Icquation 4 cannot be applhed satisfactorily to data for 
crystallized or impure hemoglobin. 

We are in no position to determine which of Equations 3 and 4 
deseribes the type of interaction involved. It will be observed 
that whichever equation 1s used A, has the same value, which 
should be expected inasmuch as it applies to the uptake of the Ist 
oxygen molecule with no interaction. Whichever type of analysis 
is used, the general conclusions still remain pertinent. Stein-— 
hardt (11) has found that the molecular weight of carboxy- 
hemoglobin is changed to one-half its original value by 6 M urea 
and Svedberg (12) states that hemoglobin is split into halves by 
dilution. If purification with aluminum hydroxide has this same 
effect, then the molecule would contain only two heme groups and 
only Equation 4 would have any theoretical justification. Until 
conclusive molecular weight determinations are made on purified 
hemoglobin, we are left without a deciston. 

It is conceivable that with complete removal of salts a would 
approach 1, 7.e. no interaction between the heme groups, and 
Equations 3 and 4 would then reduce to Hiifner’s (13) original 
hyperbolic equation. 
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We are in agreement with Ferry and Green that the Brown and 

Hill (14) approximation equation 
Kp" y 

= 

is an unsatisfactory criterion for characterizing this equilibrium. 
Applying this equation to our case, we do not obtain constant 
values for n except at the isoelectric point. The best selected 
value is n = 1.3, which is approximately one-half the value given 


y = Kp” (6) 


by other investigators who were not using this purified form of. 


hemoglobin. 


TasBLe II 
Comparison of K, Obtained from Equations 3 and 4 
Hemoglobin purified by adsorption. 7’ = 25°; pH 6.7. 


Dialyzed 0.04m NaHCOs, 
Equation 3 Equation 4 | Equation 3 Equation 4 
a=3 | a = 10 | a = 12 ' a = 100 

13 | 0.25 | 15 | 0.22 | 19 | 0.0064/ 17 | 0.0068 

30 | 0.21 33 «(0.19 | 37 |0.0056, 34 0.0043 

45 + 1 | 16008 57 0.0046 

66 0.19 67 | 90.19 90 0 0056 66 0.0050 

85 0). 20 82 0.20 87 0 0062 
Average... 0.21 0.20 0.0057 0.0054 


Effect of Temperature -In Fig. 4 the fraction of hemoglobin 
oxygenated (y) is plotted against the logarithm of the pressure for 
experiments carried out at different temperatures, the pH being 
kept constant. 

It is evident that within the temperature range 25—-40° the 
interaction between the hemes is not affected; 7.e., a is the same. 
Since A, and p occur together as the product Ayp (regardless of 
whichever equation is used) and since a does not vary, the product 
Kyp will be the same for all curves in Fig. 5 for a given value of y. 
As kK, increases, p must decrease accordingly (fixed value of y). 
If then y and @ are considered constant, the only variables are 
K, and p. But with A; X p constant, d log A, = ~—d log pr. 
Therefore, since 


| 
pe 
| CO 
| 
to 
fo 
= 
| me 


A. M. Altsehul and T. R. Hogness aan 


Rdink 
Rd | | 
AH, ech (y constant) (8) 


Alf, is the heat of the reaction in calories per mole for the reaction 


Hb + O, = HbO, (9) 


“5 0 5 15 
LOG P 


hic. 4. Temperature effeet on interaction between heme groups 


T is the absolute temperature, and /? is the gas constant in calories 
per degree per mole. We have chosen various values of y and the 
corresponding log p values from Fig. 4, and have plotted the log 
p values against 1/7’ in Fig. 5. The slope of the curve is equal 
to —A///4.6. The best straight parallel lines which fit the cata 
for all values of y considered give a value of AH, equal to — 15,500 
+ 1000 calories per mole of oxygen for the reaction given by 
Mquation 9. Unfortunately we were unable to carry the experi- 
ments below 25° without making an elaborate refrigerating system. 
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However use of different values of y in determining AH decreases 
the error and has the effect of employing a larger temperature 
range. This value of AH is also the same for the second, third, 
and fourth stages of oxygenation. This follows from the fact 
that a remains constant as the temperature is varied. Applying 
Equation 7 to the values of A; determined for Equation 3 for each 
of the temperatures, we obtain the same value for A// (the lowest 
set of points in Fig. 5). This agreement substantiates the method 


2 T T T 
100 
- X-K, 
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Fic. 5. Determination of 
Kia. 6. pH effect on interaction between heme groups. 


of determining A,. The values of A, calculated from Kquation 
3 are 0.21, 0.13, 0.095, and 0.066 for 25°, 30°, 35°, and 40° re- 
spectively —all at pH 7.3. 

Effect of pH--That any change in the hydrogen ion concentra- 
tion of the solution does not appreciably change the interaction 
between the heme groups in their affinity for oxygen is demon- 
strated in Fig. 6. The curves are very much of the same shape 
and therefore each has practically the same value of @ (or the same 
values of A, B, and C of Equation 2). The values of AK, calculated 
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from Equation 3 at 25° are 0.59, 0.32, 0.15, and 0.058 for pH 
values of 8.6, 7.0, 6.3, and 5.8 respectively. 

Pauling has derived the following equation relating the varia- 
tion of A, to pH change. 


A 
(: + a) 
K = (10) 


In this equation A is the acid dissociation constant of unoxygen- 
ated hemoglobin and BA the dissociation constant of the oxy- 
genated form. It is assumed that the heme groups act indepen- 
dently with respect to acid-dissociating properties and that the 
acid group directly affected by oxygenation is monobasic (2.e., 
only one carboxyl group interacts with the oxygen). £8 is therefore 
the ratio of the dissociation constants of the two acids (the heme 
groups of hemoglobin and oxyhemoglobin). 

If the acid associated with each heme group of the hemoglobin 
is assumed to be dibasic, with both acid groups equivalent, then 
the relationship between A, and pH becomes 


24) 
(11) 


In both these equations AK’ and AK” are the oxygen association 
constants for the un-ionized hemoglobin. 

By plotting arbitrarily chosen values of log A/(H*) against the 
corresponding values of log A,/A’ obtained from Equation 10, 
with different, chosen values of 8, we obtain a series of curves 
which may be compared with the experimental curves obtained 
by plotting log A against pH. The value of 8 may be ascertained 
by determining which of the theoretically derived curves may be 
superimposed to fit that obtained from experimental data. The 
value of both A’ and A may then be determined. Carrying out 
this procedure with Equation 10, we obtain a value of 25 for 8B. 
However, our data fit Equation 11 equally well with 6B = 5. 
’ Using the data of Ferry and Green, Pauling prefers Equation 11 
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with 8 = 4, A = 1.1 & 10°, and A’ = 0.0035, while with these 
same data we find satisfactory agreement with Equation 10, 
using a value of 20 for 6. Assuming that one acid group is affected 
by the oxygenation of each heme, the pk values of this group in 
the reduced and oxygenated conditions of the heme are 6.9 and 
5.5 respectively. The value of AK’ is then 0.024. If two acid 
groups are affected, the pI< values in the reduced and oxygenated 
conditions are respectively 6.5 and 5.8 with a corresponding value 
of 0.024 for 

Wyman (15) has interpreted the pH effect on oxygenation by 
assuming that each molecule of hemoglobin contains four identical 
heme histidine complexes in which two histidine units interact 
with each heme. The two units associated with each heme are 
not equivalent. Assuming the equivalence of two acid groups, 
as we have done, has the effect of averaging the two non-equivalent 
groups of Wyman. On this basis the assumption that two acid 
groups are affected would be more in keeping with his conclusions. 
With the assumption that only one acid group interacts, the change 
in pk with oxygenation is too great to be in accord with his 
experiments. Wyman concludes that the pk for one of the his- 
tidine groups changes upon oxygenation from 7.8 to 6.8, while 
the other changes from 5.25 to 5.75. Our results for two acid 
groups which combine the different pk changes of Wyman’s 
histidine groups give a pk change of 0.7 upon oxygenation. The 
acid dissociation constants obtained here are not to be confused 
with those obtained by titration alone. In the latter case the 
acid groups of the globin not interacting with the oxygen play a 
large role. 


Discussion of Salt Effect 


The effect of salts on the interaction can perhaps best be realized 
from the values for the association constants for the combination 
of the Ist, 2nd, 3rd, and 4th oxygen molecules with the hemoglobin 
in salt-free solution and in the one containing salt. For the salt- 
free solution K’3, and K’s have the values 0.2, 0.6, 0.6, 
and 1.8 respectively, while in a solution which is 0.04 mM with 
respect to NaHCO, the values are 0.0057, 0.068, 0.068, and 0.82.% 


K's, and A’, are not the same as Ke, K;, and Ay of Equation 1 but 
only differ from these by a statistical factor. 
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The numerical figures for A's, A’;, and A’s are dependent upon the 
assumption of a “square’’ interaction between the heme groups. 
This is not the case for A,;. Whatever the type of interaction, 
the difference in trend between the salt-free and salt-containing 
solutions would be qualitatively the same. 

In a previous Communication (1) it was suggested that anions 
and oxygen compete for combination with the heme group of 
hemoglobin. On this basis we can explain the decrease of A, 
with increasing salt concentration. If we assume that the oxygen 
molecules, the anions, and possibly water molecules occupy co- 
ordinated positions about the iron atom, then, with no salts 
present, the oxygen must compete at most with the uncharged 
water molecules. One would expect that due to coulombic forces 
negatively charged anions would be rather firmly attached and 
that the value of A, would therefore be smaller. On this basis 
K, represents two different reactions (I¢quations 12 and 13) in 
the absence and in the presence of excess salt. 


HbX, + = HbXa_m(O2) + mX (13) 


In Equation 13 _X represents some competing anion. On this same 
basis one would expect that the heat of reaction (Equation 12) 
would be greater than that of Equation 13. We have obtained 
a value of — 15,500 calories for AH for Equation 12 (7.e. Equation 
12 as written is exothermic), while Roughton et al. (16) have 
obtained a value of 9500 at pH 6.8 for crystallized hemoglobin in 
salt solutions. Furthermore Brown and Hill (14) and Roughton 
(17) found calorimetrically that salt addition decreased the heat 
of this reaction. 

The value of AF®, the free energy change, for Equation 12 may 
be calculated from the equation AF° = —RT In K, in which K 
must have the units atmosphere’'. The value of AF® at 25° 
so calculated is —3000 calories. The entropy change for this 
reaction therefore has the large value of —45 entropy units. 
This value very nearly corresponds to the complete loss of the 
entropy of the oxygen molecule. 

Pauling calculated an interaction free energy of 1500 calories 
for crystallized hemoglobin in the presence of salts, while for our 
salt-free preparation the interaction free energy is only about 600 
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calories if four interacting hemes are assumed. With only two 
interacting hemes the interaction energy for the salt-free prepara- 
tion would also be about 1500 calories. In view of our present 
knowledge of the hemoglobin molecule it is difficult to interpret 
the salt effect on the interaction between the heme groups. It 
is conceivable that the shape of the heme group could be radically 
altered by the coordination attachment of negative ions to the 
central iron atom, thereby changing the interaction. On the other 
hand, if it were found that hemoglobin in the salt-free condition, 
such as we have prepared it, is in a dissociated condition, each 
part containing only two hemes, while that containing salts is not, 
then this effect would not be unexpected. Iequation 4 (two in- 
teracting hemes) would apply to the salt-free hemoglobin, while 
Kquation 3 (four interacting hemes) to that in the presence of 
salts; in both cases the free energy of interaction would be about 
the same (1500 calories). If the dilutions which Svedberg (12) 
mentions, but does not specify, were made with water rather than 
salt solution, there would be some independent corroboration of 
the view that hemoglobin dissociates in the absence of salts. 

Previously we reported that purified horse and human hemo- 
globin showed no difference in their affinities for oxygen and sug- 
gested that reported differences in various hemoglobin prepara- 
tions were due to the presence of salts and other foreign substances 
in the blood from which they were made. While our experiments 
were carried out with horse hemoglobin, we feel confident that 
the same results would have been obtained with purified hemo- 
globin from blood of other mammals. If this were not the case, 
our previous correlation would have to be purely fortuitous. 


SUMMARY 


1. It has been shown experimentally that upon oxygenation of 
a dialyzed, salt-free hemoglobin solution the pH changes very 
little with oxygenation and that buffering is therefore unnecessary 
in determining the oxygen uptake as a function of the oxygen 


pressure. 

2. While the pH of the solution affects the oxygen uptake, for 
a given partial pressure of oxygen, analysis of the experimental 
data shows that it does not affect the oxygenation interaction 
between the different heme groups. Values for the acid disso» 
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ciation constants of the heme carboxyl groups are calculated. 
The conclusion is drawn that very probably two acid groups on 
each heme are affected by oxygenation. 

3. A change in temperature does not affect the interaction be- 
tween the heme groups. All the dissociation constants are 
changed proportionally. ‘The value of AH for the reaction be- 
tween oxygen and hemoglobin is —15,500 calories per mole of 
oxygen. AF® for the reaction between the Ist oxygen molecule 
and the hemoglobin molecule is —3000 calories per mole. 

4. Salt addition has the effect of both decreasing the values of 
the equilibrium constants and increasing the interaction between 
the heme groups. 

5. The hemoglobin-oxygen equilibrium is discussed on the basis 
of the interaction between the heme groups. 
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MECHANISM OF THE BIOLOGICAL FORMATION OF 
CONJUGATED GLUCURONIC ACIDS 
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(From the Biochemical Institute of the University of Istanbul, 
Istanbul, Turkey) 
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The formation in the body of conjugated glucuronic acids 
is recognized to be an important process in the detoxication of 
hydroxylic and similar compounds, but little is known as to the 
nature of the chemical reactions involved (1). Indeed, it has 
hitherto been uncertain whether it is connected with normal 
carbohydrate metabolism at all. The report, not definitely con- 
firmed, that the daily administration of camphor gives rise to a 
steadily increasing daily output of glucuronic acid has suggested 
that an appropriate adaptation of metabolic processes can be 
developed in the organism, but attempts to elucidate this phe- 
nomenon or to apply it as a test of liver function must remain 
fruitless until the chemical mechanism of glucuronic acid forma- 
tion is better understood. 

In order to throw light on this mechanism, experiments have 
been carried out by the Warburg procedure upon surviving tissue 
slices. 


EXPERIMENTAL 


Guinea pigs, rabbits, rats, and mice were killed by a blow on the 
head and the organs rapidly transferred into ice-cold saline of the 
composition described by Warburg (2). <A sufficient quantity 
of slices 0.2 to 0.4 mm. thick was prepared with a double razor, 
and each slice immediately submerged in a large portion of the 
same ice-cold solution in which it was to be tested. The slices 
were then fixed on the glass needles of twelve Warburg vessels 
each containing 2.7 ec. of saline and 0.3 ec. of 5 per cent potassium 


* At present at 80 Woodland Avenue, New Rochelle, New York. 
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hydroxide. The vessels were connected with the manometers, 
filled with pure oxygen, and shaken at 38°. These preparations 
took 45 to 60 minutes, including the time from the animal’s death 
until the beginning of the movement of the manometer. After 
10 minutes, the cocks were closed. The experiments were finished, 
in most instances after 13 hours, by opening the vessels and re- 
moving the tissue. In accordance with the Warburg procedure 
the surface of the slices was measured immediately and the weight 
after they had been washed and dried at 110° to constancy. 

The following general method was used for estimating the 
conjugated glucuronic acids. The liquid, when separated from 
the tissue slices, was centrifuged; the supernatant fluid was made 
definitely alkaline with sodium carbonate and freed of non-acid 
ether-soluble material by extraction with freshly purified ether in 
a micro-Soxhlet apparatus. It was then faintly acidified to Congo 
red with sulfuric acid and again extracted for 2 hours with ether 
(60 drops per minute). This ether, which contained the glu- 
curonic acids, was evaporated at 30-40° by dropping from a funnel 
into a calibrated test-tube containing very dilute alkali through 
which was passed a current of air saturated with water vapor at 
the same temperature to keep the total volume of the liquid 
practically constant. The funnel and the inlet tube were washed 
carefully with warm water, and the volume in the test-tube was 
adjusted to 2.0 cc. An equal volume of strong HCI] (d = 1.19) 
and 0.5 ec. of a 1 per cent alcoholic solution of naphthoresorcinol 
were added. The mixture was heated in boiling water for 15 
minutes, cooled, and extracted with 4 cc. of benzene. The pink 
color of this clear extract was compared with a series of fourteen 
tubes containing corresponding solutions from 0.005 to 0.1 mg. 
of pure glucurone (m.p. 168°; [a]?7 = +19.3°, 2 per cent solution 
in water) freshly dissolved in 2.0 ce. of water and subjected to the 
same procedures at the same time. 

Controls with pure /-menthylglucuronic acid,! alone or admixed 
with free glucuronic acid, l-borneol, d-glucose, and d-bornyl-8- 
glucoside (3) (m.p. 154-155°; [a]?? = —15°, in alcohol), indicated 


! Prepared from the urine of rabbits fed with /l-menthol. The acid, in 
1 per cent alcoholic solution, had the specific rotation [a], = —105°; in 
1 per cent solution in 0.5 per cent NaHCO, [a]pB = —99°. This solution 
underwent no change in rotation when boiled for 2 minutes with charcoal. 


te Ae 


i 
i 
5 
| 
| 
4 


W. L. Lipsehitz and E. Bueding 335 


that all of the conjugated glucuronic acid was isolated by this 
method of extraction, and that the results of the colorimetric 
method are satisfactory in the above range (Table I). No glucu- 
ronic acid was found in the ethereal extracts from alkaline solution. 

In the liver experiments performed in the presence of l-menthyl- 
maltoside (m.p. 199°; [a]?” = +13.8°, 2 per cent solution in water) 
which is highly soluble in water and much less in ether, the method 
of extraction was modified. The liquid, when separated from the 
slices and centrifuged, was directly acidified and extracted for 2 


TABLE | 
Recovery of Glucuronic Acid 


| Glucurone 
Menthyl- 
| Calouteted Inether | Not 
| | extract extracted 
cc. | mg. | | mg. mg. mg. mag. 
5 0.02 | 0.0105 «0.0090 
5 0.04 — | 0.021 | 0.02 | 0 
5 «0.0315 | 0.68 | 0 
5 | 0.06 | 4 1.0 0.0315 0.029 © 1.0 
10 | Borneol 0 | 0 
10 1.4 | 1.0 | 0.0815 | 0.08 | 0 
Glucose 5.0 | 0 | 0 
|. | 5.0 | 0.042 | 0.088 | 0 


10.5 0.05 Bornylglucoside* 0.0265 0.026 9 

* The extract (6 hours) from an alkaline solution, hydrolyzed in Nn HC] 
(1.5 hours at 100°) and neutralized, yielded glucose (Hagedorn-Jensen) 
corresponding to 9.11 mg. of glucoside. 


~ 


hours with ether. The ethereal extract was taken up in dilute 
alkali, and this solution was extracted for 2 hours with ether in 
order again to remove the maltoside. The aqueous solution was 
then examined with the colorimetric method. 

In the experiments performed in the presence of pyruvate, 
phosphopyruvie acid, glyceraldehyde, dihydroxyacetone, methyl- 
glyoxal, and phosphoglyceric acid or hexosediphosphate, another 
modification of the method was employed in order to retain the 
earbonyl compound in the aqueous solution. To the centrifuged 
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and acidified liquid an equal weight of pure, powdered NaHSQOs, was 
added, and this 50 per cent solution was extracted for 2 hours with 
ether. The ethereal extract was tgken up in alkali and this solu- 
tion extracted with ether. The solution was acidified again and 
extracted once more. This ethereal extract was transferred into 
aqueous solution and tested for conjugated glucuronic acids. 

Examples —To 7 ec. of 0.025 m dihydroxyacetone 0.05 mg. of 
menthylglucuronic acid was added. Glucurone found, 0.0225 
mg.; calculated, 0.026 mg. 

To 7 ce. of 0.025 mM sodium pyruvate 0.05 mg. of menthylglucu- 
ronic acid was added. Glucurone found, 0.024 mg.; calculated, 
0.026 mg. 

Furthermore, several biological results were checked by titrat- 
ing, after hydrolysis,.the free glucuronic acid by the Hagedorn- 
Jensen method. 


Results 


Surviving liver slices from guinea pig, rabbit, or rat, shaken in 
the Warburg manometer with oxygen at 38° in a phosphate- 
saline of pH 7.4, produce conjugated glucuronic acids from the 
stable, difficultly combustible alcohols d-borneol, /-menthol, 
avertin, and from phenol. In the absence of such compound 
no conjugated glucuronic acids could be detected. The alcohol 
concentration employed was not so high as to affect the oxygen 
uptake (Table IT). 

The production of conjugated glucuronic acids is due to the 
continued metabolism of the surviving liver cell. The increase 
in the amount produced is constant for the first 2 hours after the 
death of the animal; the same is true for the oxygen consumption. 
This parallelism can be seen from Table LIT. 

The significance of the alcohol concentration can be compre- 
hended from two series of experiments in which alcohols from the 
camphor group were employed. A stimulation of the respiration 
of non-growing and non-starving cells, e.g. erythrocytes, by low 
concentrations of camphor and similar substances has been re- 
ported by Lipschitz, Meyer, and Salomon (4). 

In the first series (Table IV), both the oxygen consumption and 
the rate of formation of glucuronic acid increase with the increase 
in alcohol concentration. In the second series (Table V) the same 
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increase Was found up to a certain range of aleohol concentration. 


Ex peri- 
ment Solution 
No. 
i Saline 
d-Borneol 
2  #£«'Saline 
Borneol 
| 3 | Saline 
|  Borneol 
4 Saline 
Borneol 
5 Saline 
Borneol 
} 
6  °£Saline 
Borneol 
7 
4a 


A further increase in concentration, however, effects a decrease 
both in oxygen consumption and, still more, in the glucuronic acid 


TABLE II 


Liver Slices of Guinea Pigs 


Qe Conjugated glucuronic acid, produced by 1 gm. 
3 of dried liver in 9@ min, 


per cent mg. glucurone 
4.2 | 0 
0.01 | 4.7 1.75 
5.0 
0.01 | 5.1 2.05 
3.9 0) 
6.0 1.0 
5.2 | 
0.01 | 5.6 | 1.75 
0 
0.01 | 4.45 3.0 
0.02 | 5.65) 2.55 
| 3.9 
0.01 4.8 1.75 
6.03; 7.0 0.675 (colorimetric) 
| | 0.598 (Hagedorn-Jensen) 
0.01 4.8 1.67 (colorimetric) 


1.52 (Hagedorn-Jensen) 


TABLE III 


Effect of Time on Liver Slices of Guinea Pig in 0.01 Per Cent d-Borneol in 


Time 


min. 


10 
40 
70 
100 


consumption. 


Saline 
Q Glucuronic acid pro- Q (glucurone) (1 hr., 
O2 duced by I gm. of liver lem. liver) 
mg. glucurone 
0.75 
6.75 1.55 1.6 
6.5 2.20 Lis 
6.2 2.90 1.4 


production. The depressant action in this latter case 1s identical 
with the action of phenof or avertin which, in a third group, were 
used as examples of drugs which exclusively depress the oxygen 
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No conjugated glucuronic acids are produced when oxygen 
is lacking, even when other hydrogen acceptors, such as methylene 
blue or fumaric acid, are present (Table VI). 

The production of glucuronic acids is affected by HCN even 
more than the total oxygen consumption (Table VII). When, 
in 1922, the cell respiration was measured by means of the dinitro- 
benzene method, it was observed (5) to be by no means a uniform 
catalytic process; the reduction of dinitrobenzene by muscle cells 


TABLE LV 
Stimulant Action of Substances of Camphor Group upon Respiration and 
Formation of Glucuronic Acids 


(;lueuroniec acid 
Alcohol produced (1 gm. 
liver, 90 min.) 


per cent mg. glucurone 
d-Borneo!l* 4.4 2.9 
5.3 3.8 
5.7 | 4.2 
4 03 6.2 | 5.2 
l-Mentholt 4.25 | 0) 
4.5 | 1.3 
0 4.65 2.3 
0.008 4.7 3.1 
0.016 4.6 2.9 
Control 3.55 0) 
d-Borneol | 0.01 4.15 3.7 
l-Menthol 0.008 | 4.4 4.4 
0.014 4.55 4.] 
4.3 4 


*lal, = +36.2° in alcohol. 

= —50.2° in alcohol. 
was depressed even by very low HCN concentrations, but the 
degree of this depression did not surpass 60 to 70 per cent. It was 
therefore concluded that one-third of the catalytic process studied 
was not a catalysis by heavy metal, a conclusion later supported 
by Warburg’s discovery that in the cell there are two different 
catalysts of respiration, one of which is iron-free. In the liver 
cell, the catalytic process by which glucuronic acid is produced is 
exclusively associated with the iron catalyst. 
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* Liver of an animal fasted for 20 hours. Saline containing 0.02 m 


lactate. 
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TABLE V 


Influence of Alcohol Concentration on Formation of Glucuronic Acids by 


Liver Slices of Guinea Pigs 


Aleohol 


d-Borneol 


/-Menthol 


Phenol 


d-Borneol 
Phenol 


Avertin 


d-Borneol 
Avertin 


per cent 
0 
0.01 
0.02 
0.03 
0.05 
0.068 
0.01 


0.20 
0.40 


QO, 


w 
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Glucurone 
found 
(1 gm. liver, 
90 min.) 


3 


| 


“Iw gr 


tn on 


* 


0.45 


— = 
| 

0.025 
0.05 
3 () | 
0.02 q 
0.05 

4 0) 

0.004 
0 OOS 
0.016 
| 0.032 
0.01 
0.02 
0.05 0.55 
0.10 0.75 
| 0.01 6.8 
0.20 0 
0.40 0 
0.01 0.25 
0.025 0.25 
0.05 0.40 
| 0.10 0.90 
| 0.01 4.9 
| a 0.10 3 1.55 | 
| | 0.2 
| 0 0.1 


TABLE VI 
Anzerobicsis of Liver Slices of Guinea Pigs in Saline Containing 0.02 a | 
Lactate and 0.01 Per Cent d-Borneol 


(;luecurone 


seseptor LO» (1 gm. liver, 9C min.) 
mig. 

(Nz) 0.35 
(), 5.6 +. 1 
(N2) 
6.3 
() 
0.02 m fumarate. () 
0.01% methylene blue 
0.01% + 0.02 M 

fumarate () 

TABLE VII 


Action of Cyanide upon Oxygen Uptake and Production of Glucuronic Acids 
Liver slices of guinea pigs, shaken in saline containing O.OL per cent 
d-borneol with and without lactate. 


Depression of 

Giucurone 

Lactate KCN QO. (1 gm. liver, 
90 min.) Cilucuronic 


Respiration 
ins acid production 


M M mg. per cent per cent 
0 4.3 4.3 0 0 
0.0001 4.5 3.3 0) 23 
0. 0002 2.9 By 32 60 
0 0005 2.5 1.25 2 71 

0 02 () 7.5 5.6 () () 
0. 0002 6.0 1.9 2) 66 
0.0004 4.9 0.45 35 92 
0.001 3.5 0 53 100 | 
0.02 0) 7.9 6.5 0) 0) 
0.0005 | 4.1 0.35 48 Q5 
0.001 2.8 0.15 65 97 
0.02 0 6.85 0) 0 
0.0005 4.3 0.5 37.5 61.5 
0.001 2.9 0) 57.5 100 
0.002 23 68.8 100 
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The process by which glucuronic acid is produced is also in- 
hibited by low concentrations of sodium fluoride and of iodo- 


TaBLe VIII 
Action of Iodoacetate and Fluoride upon Oxygen Uptake and Formation of 
Glucuronic Acids 
Liver slices of guinea pigs, shaken in saline containing 0.01 per cent 
d-borneol. 


Saline containing Depression of 
Glucurone 
Lactate COONa Respiration acid 
production 
M M mg. per cent per cent 
0 3.5 1.4 
0.0038 2.1 0 40) 100 
02 0 6.25 2.8 0 
0.02 0.003 47 100 
0.02 | 0) 8.2 0 0 
0.02 0 4.] sb 
0.02 | 0.002 3.0 0.3 57 
0.02 | 0.004 2.95 0 
Dihvdroxy- | 
acetone* 
7.85 1.65 0 | 0 
0.02 | 0. 0004 5.25 0.17 33 90 
0.02 | 0.001 2.9 0 64 100 
Lactate NaF 
0.02 0) 6.45 {) 
0.02 0.005 6.7 2.5 () 56 
0.02 0.01 6.1 Ca. 5 SU 
O02 0.02 4.7 25 
Dihydroxy- 
acetone* 
O2 6.8 1.8 () () 
0.02 0.005 5.8 0.2 19 Su 
0.02 | 0.01 4] 


* The animals were fasted for 20 hours. 
acetate (Table VIIL). This indicates that the formation of glucu- 
ronic acids involves an esterification of phosphoric acid with 
organic material. 
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The velocity of the formation of conjugated glucuronic acids 
depends moreover upon the nature of the alcohol offered to the 
cell. There is no marked difference between d-borneol and 
l-menthol, but the glucuronic acid conjugation of avertin proceeds 
3 to 4 times, and that of phenol 4 to 5 times more slowly, even 
when these substances were used in optimal concentrations (Table 
IX). The difference in velocity becomes still greater when the 
alcohol is not preformed but first has to be produced by the cell 
metabolism; e.g., d-campherol (6) from d-camphor. In this case, 
the amount of conjugated glucuronic acid is one-thirtieth to one- 
fifteenth of that produced from borneol. 

It is generally recognized that the liver is the chief organ in 
which the glucuronic acids are produced. This process takes 
place also in kidney slices, but its velocity is no more than one- 
twelfth or one-sixth of that in the liver, although in our experi- 
ments the oxygen uptake of the kidney slices was much higher 
than that of the liver. A number of other tissues or cells were 
examined, namely the diaphragm of the rat and a neck muscle of 
the guinea pig, spleen and ovary of the rabbit, a mouse carcinoma 
(Ehrlich), and respiring or fermenting yeast, but although these 
were tested under optimal conditions, all were found ineffective 
(Table X). 

In 90 minutes 0.6 to 5.0 mg. of glucurone, corresponding to 1.1 
to 9.5 mg. of bornylglucuronic acid, are produced by 1.0 gm. of 
dried liver slices of the guinea pig. However, when the animal 
had been fasted for 20 hours and its carbohydrate storage depleted, 
the liver was found to produce less than 1 mg. of glucuronic acid. 
Two different types of liver slices, namely from normal and from 
fasted animals, could therefore be used in order to find out the ac- 
tual substance from which glucuronic acids are produced. 

It may be mentioned that Schmid (7) found that the impaired 
production of glucuronic acids in fasted frogs could be restored by 
administration of glucose or glycogen. 

No glucuronic acid production at all could be detected either 
from pure d-bornyl-6-glucoside or /-menthylmaltoside, although 
in these two substances the linkage between the alcohol and the 
sugar is the same as in the glucuronic acids (Table XI). 

Free glucuronic acid could be conjugated with d-borneol to a 
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barely appreciable, extent by either normal liver shees or those 


d-Borneo! 
l-Menthol 


Control. 
SS 
Phenol 


sé 


d-Borneo! 
f Avertin 


0.02 m lactate + 
d-Borneol 
d-Camphor....... 


d-Camphor....... 


Control...... 
d-Borneol. .. 
d-Camphor... 


d-Borneol*. |. 
d-Camphor 


* Rat. 


Saline containing 


TABLE IX 


Different Substances Offered to Guinea Pig Liver Slices for Formation of 
Conjugated Glucuronic Acids 


per cent 


0.01 
0.0] 


0.01 
0.05 
0.10 
0.20 


0.01 
0.10 
0.20 


0.01 
0.02 


0.01 
0.025 


0.01 
0.0125 
0.025 
0.05 


0) 
0.025 


LO» 


(j;lucurone 
(l gm. liver, 


which had become poor in carbohydrate (Table XID). 


90 min.) 


The small 


Ratio of 


velocity of 


substance to 


borneol 


1:4 


1:3 


1:30 


yields of conjugated glucuronic acid under these conditions were 
slightly increased by addition of a low concentration of l-ascorbic 
acid. 


mg. 

5.55 3 65 | 

4] | 

5.35 1.2 
0.2 

= $45 0.3 | 

2.35 0) 

1.55 

| 
| 6.1 11.4 
QO.15 1:80 

| Q ] 0.15 

4.95 () 
| 6.1 1.5 
7.6 0.125 

5.6 ().25 1:18 

1.3 0.09 

13.9 3 4 

9.3 0.2 1:17 : 
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TABLE X 


Comparison of Glucuronic Acid Formation from 0.01 Per Cent d-Borneol by 


Animal 


Rat 


Guinea pig 


1. Rat 
3. ee 


1. Guinea pig 


2 


1. Rabbit 


2. 
Mouse 


Organ 


Liver 
Kidney 
Liver 


Kidney 


Liver 
Diaphragm 
Liver 
Diaphragm 
Liver 
Diaphragm 


Liver 


| Neck muscle 


Liver 


Neck muscle 


Liver 

Spleen 
Liver 
Spleen 
Liver 
Ovary 
Carcinoma 


(Ehrlich) 


Yeast in oxygen + 1.5% 


KH.PO, 


Same fermenting anaer- 


obically 


Different Cells 


Saline containing 
borneol 


).02 lactate 


No borneol 
d-Borneol 
+ 0.02 
M lactate 


m lactate 

0.02 

0.02 °° + 
0.06 mg. men- 
thylglucuronic 
acid 

0.02 m lactate 


0.02 
0.02 
0.02 *° 
0.02 * 
Q.02 
0.02 


0.02 
0.02 
* 


0.02 
No borneol 
d-Borneo] 
0.02 Mm lactate 
2.5% glucose 
2% glucose 
No borneol 


d-Borneo!l 


QO» 


Glucurone (1 gm. 


dried organ, 90 min.) 


mg. 


(found 0.029, 
added 0.032 
mg.) 


{ 
| 
| | 
| 
| | 
24.9 0.4 

22.4 0.5 | 

d 20.3 | 0.35 

10.15 2.45 

0.6 
: 13.9 3.4 | 

6.8 O 
73182 

7.3 4.85 

0 

7.45 6.4 | 

7.4 0 

80 2.9 

6.95 0 

5.4/3.8 

3.0 0 

11.6 0 

0 

79 0 

: 0 | 

0 

| 
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| TABLE XI 
Absence of Glucuronic Acid Production from Bornylglucoside and 
Menthylmaltoside 
ment pig liver Saline containing QO. Glucurone (1 gm. liver, 90 min.) 
per cent mg. 
1 Normal 49 
Borneol 0.01 | 4.5; 2.8 
Bornylglucoside 0.10 4.8. 
2 
Borneo! 0.01 | 5.6 | 1.75 
Bornylglucoside 0.10 5.5) O 
3 0.10 | 4.5; 0.15 
Borneo! 0.01 | 5.5 | 2.1 
| Both 5.2 | 2.25 
4 . Bornylglucoside 0.20 3.85 0.27 (colorimetric) 
0.35 (Hagedorn-Jensen) 
0.02 mM lactate + 
borneol 0.01 7.3 5.55 (colorimetric) 
5.3 (Hagedorn-Jensen) 
0.2 (non-hydrolyzed, 
Hagedorn-Jensen) 
5 Fasted  Borneol 0.01 | 3.3 | 0.35 
| Bornylglucoside 0.10 2.3) 0.1 
Both 3.0 0.35 
0.02 Mm lactate + 
borneol 0.01 | 6.7 | 1.25 
Borneol 0.01 | 3.7 11.3 
| Bornylglucoside 0.10 4.0. O 
Lactate + | 
| borneol 0.01 17.21 24 
7 Normal Menthol 0.01 . 4.6 | 2.6 
| Menthy!lmalto- 0.20 | 4.2 | 0 
side 
| Both 4.5 | 2.4 
8 Fasted Menthol 0.01 | 4.6; 1.5 
| Menthy!l- 0.20 4.7. 0 
maltoside | 
Both | 4.8 1.65 
0.02 mM lactate + 
menthol 0.01 7.4 4.5 
When glycogen, glucose, maltose, or d-glucosamine were added 
to liver slices poor in carbohydrate in the presence of borneol, 
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there resulted a somewhat higher amount of glucuronic acid, but 
at best only 30 per cent of that produced from lactate. 


the case of levulose not more than 50 per cent was produced. 


Ex- 
peri- 
ment 

No. 


6 


Effect of d-Borneol + Glucuronic Acid (+ l-Ascorbic Acid) 


(;ulnea pig liver 


Normal 


Fasted 4 days 


Fasted 20 hrs. 


Normal 


Fasted 20 hrs. 


Fasted 5 days 


TABLE XII 


Saline containing 


Borneol 


Glucuronic acid 
Both 


Borneo! 

Glucuronic acid 

Both 

Borneol 

Glucuronic acid 

Both 

Borneol 
6 + glucuronic acid 
+ (0.02 lactate 


” + glucuronic acid 
+ 0.02 m lactate 


+ glucuronic acid 
+ ascorbic acid 
All three 
Borneo] 
+ glucuronic acid 
+ aseorbie acid 
All three 
Borneol + 
ascorbic acid 
Both + glycogen 
‘+ glucuronic acid 


per cent 


Q. 
Q. 


0. 
0. 


Ol 
10 


10 


10 


10 


.O1 | 
10 | 


10 


do 


Even in 


It 


Conju- 

gated 
acid 

| found as 

glucurone 


| 


became evident from these experiments that glucuronic acids are 
not produced directly from compounds with 6 carbon atoms. 
the other hand, in the presence of 0.02 mM lactic acid--and even 


Qn 


(l gm. 
liver, 
90 min.) 
: mg. 
| 0 
0 
2.2 
2 || 0.25 | 
0 
0.25 
Om 0 
0.3 
a 
5 * 0 1.3 
0.10 1.25 
0.01 1.35 
3.2 
— 0.01 0 
0 10 0.25 
0.01 () 
0.01 
0.01 5 
4 1.0 |: 1.0 
Om 0) 1.5 
| 


peri- 
ment 

No. 


10 
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TaBLE XIII 


Effect of 0.01 Per Cent d-Borneol with Carbohydrates pr Effective 3-Carbon 
Compounds on Liver Slices of Guinea Pigs Fasted for 20 Hours 


Saline containing borneol and 


Control 
Glycogen 


m lactate 


0.02 ** pyruvate 
Control 
Glycogen 


m lactate 
Control 

Glucose 
0.02 m lactate 
Control 

Glucose 
m lactate 
0.02 pyruvate 
Control 
 Maltose* 
0.02 m lactate 
Control 

Levuloset 


0.02 m lactate 
Control 
Levulose 


0.02 m lactate 
Control 

Levulose 

0.02 m lactate 
Control 


0.02 d-glucosaminet 


0.02 “ lactate 


Control 


Mm glucosamine 
lactate 
Control 


0.02 Mm pyruvate 
Control 
0.02 m lactate 


YO» 


per cent 


—60..02 ** dihydroxyacetone 


bo 


— 


oo gtr on 


to 


Qo 


WwW 
wo 


5 


Io 
or 


CGilucurone (1 gm. liver, 90 min.) 


mg. 


Bes 
1.4 
1.75 
() 6 | 
| 
3 6: 
0.3 4 
1.3 
4 0.25 
0.35 
1.55 
| 5 0.7 
0.2 1.3 | 
3.3 
6 1.25 
0.2 
1.2 
0.7 
2.3 
9 0.2 
0.1 
0.9 
0.15 
0 
1.5 
0.5 
0.9 
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TasBLe XIII—Concluded 


si Saline containing borneol and QO, Glucurone (1 gm. liver, 90 min.) 
No. 
per cent mg. 
13 Control 4.4 0.1 
0.02 m lactate 4.3 
0.02 dihydroxyacetone 7.8/1.3 
14 Control 3.5 0.4 
0.01 mM lactate 5.0 | 0.6 
| 1.0 
15 Control §.5 | 0.1 
0.02 mM lactate 9.1: 2.0 
16 Control 4.55 1.25 
0.02 mM lactate 7.3 | 5.7 
17 Glycogen 0.5 3.8 0.76 (colorimetric) 
0.70 (Hagedorn-Jensen ) 
02 m lactate 9 | 2.33 (colorimetric) 


2.30 (Hagedorn-Jensen) 
0.09 (non-hydrolyzed, 
Hagedorn-Jensen) 


Twenty-three more experiments with borneol and lactate combined 
gave similar results without any exception. 
*la]p = +135°. 
tla]p = —92.5°. 
20 


= +70.9°. 


more of pyruvic acid or dihydroxyacetone—the amount of glucu- 
ronic acid produced in liver slices poor in carbohydrate is increased 
by several hundred per cent (Table XIII). 

In normal liver slices, too, the formation of glucuronic acid and 
the rate of respiration are doubled by lactate. Under these 
optimal conditions the amount of glucurone generated by | gm. of 
dried liver in 90 minutes can be increased to 5 to 11 mg., whereas 
normally an amount of 1 to 5 mg. has been found (Table XIV). 

It was not to be expected that the formation of the glucuronic 
acid and the oxygen uptake are strictly coupled to each other in 
every species of animal or in every type of organ. For example, 
when guinea pigs had been fasted for 20 hours, their liver slices 
produced between one-half and less than one-tenth of the glucuronic 
acid produced by normal animals, whereas the oxygen uptake had 
slackened only slightly. In another experiment (the first listed 
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TABLE XIV 
of 0.01 Per Cent d-Borneol with Carbohydrates or Lactate on Liver 


Slices of Normal Guinea Pigs 


Saline containing borneol and 


per cent 


lactate 
No borneol, 0.02 m lactate 
Borneol + 0.02 m lactate 


Control 
Glycogen 
Control 
Glycogen 
Control 
Glucose .O1 | 
Control | | 
Glucose 60.01 
| 10 | 
Control | 
Glucose 
Maltose 10 
Ascorbic acid O1 
Glucose 10 
Both 
Ascorbic acid 
Glucose 107 
Both | 
Control | 
Maltose | 
| 
Control | 
 Maltose 
Control 
Levulose O05 
Control | | 8. 
d-Glucosamine 8. 
borneo! | 
Borneol 
+ glucosamine 0.05 
Control | 


Glucurone (1 gm. liver, 90 min.) 


x 


Gr 


co: 


— 
Cn GO ¢ 


or 


Effect 

ment 

No. 

mg. ; 

| 1B 

3 

3 3 ] 

| 

{ | 

4 

1 

1.9 

5 

6 

5 

8 

10 

1] 
| 
12 
75 | | 

6 3.85 
5 

| | | 4.95 
6.1 


350 Formation of Glucuronic Acids 


TaBLE XIV—Concluded 


Ex- 
= | Saline containing borneol and 20, Glucurone (1 gm. liver, 90 min.) 
No. | 
my 
15 No borneol, 0.02 m lactate 6.8.1 © 
- Borneol + 0.02 m lactate 6.1 11.4 
16 | 0.02 m lactate 6.4 2.55 (colorimetric) 


| 2.43 (Hagedorn-Jensen ) 
| 0.14 (non-hydrolyzed, 
| Hagedorn-Jensen) 


in Table XIII) with lactate on such liver slices, the oxygen uptake 
had increased by 70 per cent, but the production of glucuronic 
acid by 600 per cent. Finally, when liver slices of Rat 2 and of 
the first guinea pig listed in Table X were compared, the oxy- 
gen uptake of the rat liver in the presence of lactate was twice 
as high, but the rate of production of glucuronic acid was only 
about one-half. 

The following substances were tested in the presence of d- 
borneol on liver slices poor in carbohydrate, in order to find out 
whether they were still more effective than dihydroxyacetone: 
glyceraldehyde, methylglyoxal, hexosediphosphate, a-glycerophos- 
phoric acid, and phosphoglyceric acid. All were found ineffective, 
alone or in suitable combinations. Even phosphopyruvie acid, 
synthesized by Dr. Meyerhof (to whom we are indebted for a 
sample), proved ineffective, whereas pyruvic acid itself was found 
to be most effective in producing the conjugated glucuronic acid 
(Table XV). 

The velocity of production of glucuronic acids in the liver cell 
can be influenced by certain hormones: 10 4 to 10% mg. of adre- 
nalin in a volume of 2.7 ec. of liquid, without altering the oxygen 
uptake, depresses the rate of glucuronic acid production by 10 to 
40 per cent (Table XVI). 

Qn the other hand, in a number of experiments (Table XVID) 
this rate was increased by 10 to 400 per cent by 0.001 to 0.1 
(clinical) units of insulin (Leo). The inconsistency of the results 
of these experiments with insulin may be explained by the lack of 
coenzymes, the “limiting factors’ of Krebs (8). However, 
Quick (9) found the velocity of glucuronic acid production in the 
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animal body increased by 50 per cent after insulin had been ad- 
ministered. 


6 


—60.02 phosphoglycerate 
0.02 
Control 


TABLE XV 


Liver Slices of Guinea Pigs Fasted for 20 Hours 


Saline containing 0.01 per cent borneol and 


Control 


glyceraldehyde 


0.02 lactate 


Control 


0.02 m lactate | 
0.02 * si + 0.02 Mm glyceraldehyde | 


Control 


0.02 m lactate 


‘ 


+ 0.02 mM glyceraldehyde | 


0.02 Mm lactate 

0.02 ‘‘ és + 0.002 mM methylglyoxal 

Control | 
0.02 m lactate | 
0.002 “ methylglyoxal 

O.005 

Control 

0.02 mM lactate 

().0025 mM methylglyoxal + 0.02 phosphoglycerate 
Control 

0.02 mM lactate 

0.02 phosphoglycerate 

Control 

0.02 M pyruvate 

0.02 phosphopyruvate 

0.02 “ glycerophosphate 

Control 

0.02 mM lactate 

0.02 ‘ hexosediphosphate 


con to 


Cr cr 


> 


It appeared worth while to examine pathological livers (Table 


XVIII). 


In one series of experiments fatty degeneration was 


induced by hypodermic injection of 7.5 mg. per kilo of yellow 
The animals were killed 


phosphorus in olive oil into guinea pigs. 


Ex- Glucurone 
iiver, 90 
No. min.) 
mg. 
0.1 
0.1 
11 | 
0.1 
2.0 | 
| 0.2 
0.2 
0.6 
2.1 
2.1 
0.3 
1.45 
0.3 
2.0 
0) 
7 
0.6 4 
0 4 
0 
1.5 
0 
0.1] 
5.9 0.15 
10.8 0.9 
7.0; 0.2 
| 
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after 3 to 5 days. The liver slices produced only a small quantity 
of conjugated glucuronic acid from borneol, and the respiration 
was rather low. When 0.02 M lactate was added, neither the respi- 
ration nor the glucuronic acid production was increased. 

In a second series the fatty degeneration was induced by sub- 
cutaneous injection of 0.3 ec. of chloroform per kilo on 2 successive 
days. On the 4th day the livers of the guinea pigs were examined. 
The respiration and the production of glucuronic acid were at 


TABLE XVI 


Liver Slices of Normal Guinea Pigs in Saline Containing 0.01 Per Cent 


Borneol 
mg. mg. 
0 5.3 6.6 
10~ 5.2 5.8 
5.5 4.05 
10°? 5.3 4.0 
0) 6.8 3.5 
6.9 3.0 
107-4 6.6 3.0 
10°? 6.8 2.85 
4.8 5.4 
4.9 4.6 
107% 19 3.3 
10°? 4.9 3.3 
4.5 3.4 
107° 4.4 3.3 
10~* 4.4 3.35 
4.5 2.1 


least as high as in untreated animals, also when lactate was added. 
Further experiments of this kind, to be reported later, were car- 
ried out, and the metabolism was related to the histological 
features of the cells. 


Further Identification of Conjugated Glucuronic Acids Produced 


The conclusion that surviving liver slices produced conjugated 
glucuronic acids is based upon two facts: (a) From the acidified 
solution a substance is extracted by ether which, after hydrolysis, 


¢ 
+} 
q 
4 
rh 
4 
4 
& 
3 
2 


W. L. Lipsehitz and E. Bueding 353 


gives with naphthoresorcinol the characteristic pink color in 
benzene. (b) The same substance, after hydrolysis, reduces 
ferricyanide (Hagedorn-Jensen method), whereas, without pre- 
vious hydrolysis, this is not reduced. 


TABLE XVII 


Liver Slices of Guinea Pigs 


Saline containing Glucurone 
Experiment (1 gm. 
"No. 0.01 per cent d-borneol “02 
and 
units mg. 
Normal 0) 4.4 0.45 
0.0001 4.1 0.45 
0.001 4.2 2.35 
0.01 4.4 4.1 
2 “ig 0 3.6 3.85 
0.001 4.4 
0.01 3.9 4.9 
3.8 4.9 
5 0 4.95 1.8 
0.001 5.1 3.6 
0.01 4.7 3.6 
4.8 7.4 
0 4.7 1.7 
4.8 1.75 
5 kasted 0.02 Mm glucose 0 2.2 0.25 
0.02 * 8: 0.02 2.1 0.35 
0.02 “ lactate 0) 30 
0.02 0) 02 3.1 0.8 
0.02 ‘ glucose 0) 4.4 1.45 
0.02 *° 0.05 4.8 1.4 
0.02 ‘* lactate 0) 8.5 3.05 
0.02 0.05 9.5 5.6 
7 0.08 *° 0) 
Normal 0.02 0 7.1 4.9 
0.02 ** O.001L | 8.5 5.4 
0.02 0.0] 8.3 5.0 
0.02 “* 0.1 8 


The results have been confirmed by means of the polarimetric 
method. For this purpose /-menthol was selected because /- 
menthyvlglucuronic acid is distinguished by a particularly high 
specific rotation; namely, —99° in 0.5 per cent NaHCQOs solution. 
A large set of slices from three rabbit livers was shaken for 2 
hours at 37° in a saline solution (pH 7.4) containing 0.01 mM phos- 
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phate, 0.02 m lactate, and 0.015 per cent /-menthol. The centri- 
fuged alkaline solution was extracted for 2 hours with ether, then 
acidified, and extracted again for 2 hours with fresh ether. This 
ethereal extract was taken up in 0.5 per cent NaHCO, solution. 

The solution was cleared by boiling for 1 to 2 minutes with char- 

coal and quantitatively filtered by suction. The volume of the | 
clear, colorless filtrate was 1.61 ee. By micropolarization this 
showed a = —0.32° (1 = 10 em.), whence the concentration in /- 
menthylglucuronic acid was 0.322 per cent. 


TaBLeE XVIII 


Livers of Guinea Pigs with Fatty Degeneration 


Clucurone 
Saline co ini 
Saline containing (lem. 


mg 
3.7 1.45 Phosphorus injected. Blood sugar, 91 
0.02 mlactate 3.95 1.55 mg. %; livers gray yellowish, fatty | 
3.95 2.1 degeneration, acini distinet; glycogen | 
0.02 *‘* ” 4.0 2.0 reaction negative; destruction of nu- 
3.2 0.25 clei 
3.1 0.25 
7.0 3.1 Chloroform injected. Strong fatty de- 
0.02 ** 10.7 11.2 generation of livers; glycogen reaction 
++ 
6.5 | 6.05 | 
0.02 8.4 8.1 


1 ce. of this solution was hydrolyzed in N HCl, then made | 
alkaline with NaHCO; to 0.5 per cent. Volume 1.85 ce., a = | 
+0.03°. The amount of glucuronic acid was also estimated by the 
colorimetric and the Hagedorn-Jensen methods. Qo, = 9.3. Me. | 
of glucurone (1 gm. of liver, 120 minutes), found, 2.60 (polariza- 
tion), 2.38 (colorimetric), 2.52 (Hagedorn-Jensen), (0.01 (non- 
hydrolyzed, Hagedorn-Jensen) ). | 


DISCUSSION 


The experiments here reported indicate that an oxidative _ 
process involving oxygen is necessary for the production of glucu- | | 
ronic acids. If oxygen is lacking, no glucuronic acids are pro- 
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duced. It cannot be replaced by the hydrogen acceptors meth- 
ylene blue or fumarate. The oxidation indispensable for the 
production of glucuronic acids is catalyzed by a heavy metal, for 
it is completely inhibited by cyanide, whereas in the liver cell as 
well as in the muscle one-third of the total oxygen uptake depends 
upon an iron-free catalyst, and is resistant to HCN. It is sug- 
gested that energy liberated by oxidation is necessary to generate 
glucuronic acids. 

It also appears that an esterification of phosphoric acid with 
organic material is likewise essential for the formation of glucuronic 
acids. Phosphorylation is sensitive against iodoacetate, and so is 
the formation of glucuronic acids, although the oxygen uptake of 
the cell is not depressed by the low concentrations of either iodo- 
acetate or fluoride. It is possible that the formation of esters of 
phosphoric acid in the cell has merely the significance of a reaction 
from which energy can be liberated for the production of glucu- 
ronic acid. It is suggested that the latter is an endothermic 
process linked with exothermic processes, one of which is an oxida- 
tion, and another a dephosphorylation. This idea is in accordance 
with current views on the biochemistry of muscle contraction. 

The process which underlies the production of conjugated glucu- 
ronic acids is more sensitive to hypnotics than is the total oxygen 
uptake of the cell. When the concentration of the alcohol offered 
to the cell is too high, the production of glucuronic acids is de- 
pressed. ‘The velocity of this production also depends upon the 
nature of the alcohol offered for synthesis. Between d-borneol 
and /-menthol there is no distinct difference, but avertin and 
phenol proved to be much less effective. This phenomenon 
corresponds to the well known fact that the velocity of hydrolysis 
of glucosides or conjugated glucuronic acids either by hydrogen 
ions or by enzymes depends also upon the nature of the conjugated 
alcohol. 

The production zn vitro of conjugated glucuronic acids by sur- 
Viving tissue slices is not a denaturalized enzyme process but 
corresponds to the process in the animal body. ‘This is indicated 
by three facts: The glucuronic acid production by liver slices is 
the larger, the shorter the interval from the death of the animal. 
In the animal body as well as in the experiments with slices, the 
liver excels in the capacity of producing the conjugated glucuronic 
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acids. Of the other organs, only the kidney was found capable of 
producing small amounts of these acids. 

Most important is the quantitative comparison between the 
glucuronic acids produced in liver slices and in the animal body: 
The amount of menthylglucuronic acid excreted in the urine of a 
rabbit during 24 hours after a sufficient dose of menthol was found 
tobe 2to3 gm. The largest amount produced by 1 gm. of dried 
or 5 gm. of fresh liver slices during 90 minutes is about 5 mg. of 
glucurone or 10 mg. of menthylglucuronie acid. This, calculated 
for 24 hours and a liver of 75 gm., equals 2.4 gm. 

With regard to the metabolic substances from which glucuronic 
acids are generated, it has been found that the greatest velocity is 
developed when dihydroxyacetone, pyruvic acid, and, to a lower 
degree, lactic acid were offered to the liver cell poor in carbohy- 
drate. Fructose, glycogen, maltose, and glucose are at best only 
half as effective as lactic acid. To explain their restricted effec- 
tiveness, it is to be emphasized that from these carbohydrates 
lactic acid is produced by the liver. No conjugated glucuronic 
acid is produced from menthylmaltoside or bornyl-@-glucoside, 
nor is it synthesized to any considerable extent from mixtures of 
borneol and free glucuronic acid. 

These findings make it necessary to revise the present theories 
about the biological formation of conjugated glucuronic acids. 
Schmiedeberg and Meyer (6) in 1876 assumed that glucuronic 
acid originated by oxidation of the glucose molecule and combined 
with the various alcohols if they were offered to the body. Later 
Fischer and Piloty (10), in considering the sensitiveness of the 
carbonyl group of glucose, developed the hypothesis that the alco- 
hol was first conjugated with glucose; the aldehyde group being 
thus protected from oxidation, the conjugated glucuronic acid 
would be produced by oxidation of the terminal primary alcohol 
group. In 1913 Hamildinen (11) found that after administration 
of bornylglucoside the corresponding conjugated glucuronic acid 
was excreted in the urine. This observation was interpreted as 
supporting the theory of Fischer and Piloty. 

On the other hand, from experiments on the perfused liver, 
Hemingway, Pryde, and Williams (12) could not decide whether 
the formation of conjugated glucuronic acids starts with the pro- 
duction of glucosides. Pryde and Williams (13) subsequently 
found that when rabbits were given phenylglucoside, not only was 
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phenolsulfurie acid excreted in the urine in the same amounts as 
when phenol itself had been administered, but phenylglucuronic 
acid appeared in the urine. They therefore concluded that the 
phenylglucoside had first been hydrolyzed in the animal body, and 
that the conjugated glucuronic acid had been produced from the 
resulting phenol. Quick (9, 14) expressed the view that glucuronic 
acid is produced more easily from glycogen or such amino acids, 
which are transformed into glycogen than from glucose. In his 
review (1) he points out that the compound formed by the con- 
jugation of glucuronic acid with benzoic acid is a glucuronic acid 
monobenzoate with a free aldehyde group. Thus, the theory of 
Fischer and Piloty loses its significance. 

Neither of those two theories agrees with the results here pre- 
sented. It appears that the formation of glucuronic acid is a 
synthetic process from shorter carbon chains. It is possible that 
in the first stage the carbonyl group of a triose is conjugated with 
the alcohol, and that the resulting triosides are built up to con- 
jugated glucuronic acids. According to this view, the synthesis 
of carbohydrate (15) and that of glucuronic acids from 3-carbon 
chains are competing processes. The latter takes place if an 
appropriate alcohol intercepts the triose, a material of high readi- 
ness to undergo condensation. In this way, a detoxication of the 
alcohol itself is effected (16). 


SUMMARY 


1. Surviving liver slices of the rabbit, rat, or guinea pig produce 
conjugated glucuronic acids from d-borneol, /-menthol, avertin, or 
phenol. ‘This process corresponds to the process in the animal body. 

2. The velocity of production depends upon the nature of the 
alcohol. If, as in the case of camphor, a hydroxyl group has first 
to be introduced by the cell metabolism, the velocity of production 
of the conjugated glucuronic acid is low. 

3. An oxidation is a compulsory process for the production of 
glucuronic acids. This oxidation is catalyzed by heavy metal, 
and is depressed completely by HCN. It is depressed also by 
hypnotics. Oxygen cannot be replaced by methylene blue, 
fumarate, or a combination of the two. 

4. The glucuronic acid production sensitive to iodo- 
acetate and fluoride. An esterification of phosphoric acid with 
organic material is therefore a prerequisite for the process studied. 
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5. Liver slices from fasted guinea pigs produce only small 
amounts of glucuronic acids. This production is increased by 
several hundred per cent in vitro by addition of dihydroxyacetone, 


pyruvic acid, or lactic acid. 
6. The glucuronic acid production in liver slices is increased by 


insulin, depressed by adrenalin. 

7. Slices from a fatty liver, when degenerated by phosphorus, 
produce small amounts of glucuronic acids, even in the presence 
of lactate, but when degenerated by chloroform the fatty liver is 
highly active. 

8. A small amount of conjugated glucuronic acids is produced 
also by kidney slices. Other tissues were found ineapable of 
producing the acids. 

9. Glucuronic acid is not a product generated by oxidation of 
carbohydrates, glucosides, or maltosides, nor is free glucuronic 
acid conjugated easily with alcohols. The formation of con- 
jugated glucuronic acids is a synthetic process from shorter carbon 
chains; namely, 3-carbon compounds. 

10. The syntheses of carbohydrate and of conjugated glucu- 
ronic acids from 3-carbon chains are competing processes. In 
this way, a detoxication of the conjugated alcohol is effected. 
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AZLACTONES 


I. PREPARATION OF BENZOYL-a-AMINOCROTONIC ACID 
AZLACTONE AND THE CONVERSION OF ALLO- 
THREONINE TO THREONINE 


By HERBERT KE. CARTER, PHILIP HANDLER, anpb 
DONALD B. MELVILLE 


(From the Laboratory of Biochemistry, University of Illinois, Urbana) 


(Received for publication, April 24, 1939) 


We have found that the method of Sérensen and Andersen (1) 
for preparing O,N-dibenzoyl derivatives of aminohydroxy acids 
is not always satisfactory. Good yields of the derivatives are 
obtained only from amino acids containing primary alcohol 
groups which are readily esterified.!. Aminohydroxy acids con- 
taining secondary hydroxyl groups give poor yields of the di- 
benzoyl derivatives or may fail entirely to react. Since O, N-diacyl 
derivatives are of some value in the characterization of amino- 
hydroxy acids, we have attempted to prepare these derivatives 
using anhydrous pyridine as the solvent and condensing agent. 

dl-Allothreonine and dl-threonine, when suspended in pyridine, 
do not react with benzoyl chloride, apparently owing to the 
insolubility of the amino acids in the reaction medium. There- 
fore, the highly soluble N-benzoyl derivatives (prepared by the 
Schotten-Baumann method) were used in subsequent work. 

The reaction between N-benzoyl-dl-allothreonine and benzoyl 
chloride in pyridine solution did not give the desired dibenzoyl 
derivative. The reaction product consisted of benzoic acid and 
an alkali-insoluble substance which was identified as benzoyl- 
a-aminocrotonic acid azlactone. Equimolar quantities of N- 
benzoyl-dl-allothreonine and benzoyl chloride in pyridine at 
—5° gave an almost quantitative yield of the azlactone. Since 
the formation of the azlactone ring requires 1 mole of benzoyl 


1 It is interesting to note that all of the compounds studied by Sérensen 
were of this type. 
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chloride, it is obvious that little or no benzoylation of the hydroxyl 
group occurred. Therefore, the reactions involved are first, 
formation of the azlactone ring, and, second, the spontaneous 
elimination of a molecule of water (1). 


CH,CH—-CH—CO;H -—> CH;CH—CH—C CH;CH=C—C 


\ 


Oli NH OH N O N O 
| 
CO C 
| | 
C,H; 


There are two features of this reaction which deserve some 
comment. The first is the ease and rapidity with which the 
azlactone ring is formed by the action of benzoyl chloride in 
pyridine. This reaction offers promise of providing a valuable 
synthetic method for preparing azlactones, and is being extended 
to acyl derivatives of other amino acids. The second unusual 
feature is the marked lability of the 8-hydroxyl group after closure 
of the azlactone ring. Similar reactivity is shown by methoxy 
and acetoxy groups, since N-benzoyl-O-methyl-dl-allothreonine 
and N-benzoyl-O-acetyl-dl-allothreonine also give good yields 
of the azlactone when treated in pyridine solution with benzoyl 
chloride. It seems probable that both the instability of these 
substituted azlactones and the rapid racemizationof unsubstituted 
azlactones (2) result from the presence of a rather active hydrogen 
on the a-carbon atom. This point will be discussed in a later 
paper. 

The reaction of equimolar quantities of N-benzoyl-dl-threonine 
and benzoyl chloride in pyridine also gave the unsaturated 
azlactone, although the yield was not so good as that obtained 
from N-benzoyl-dl-allothreonine. 

The reactions of N-benzoyl-dl-threonine and N-benzoyl-dl- 
allothreonine with acetic anhydride in pyridine gave the cor- 
responding N-benzoyl-O-acetyl derivatives in yields of 30 to 50 
per cent, accompanied by small amounts of the azlactone. This 
result was not surprising, since acetic anhydride is less effective 
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than benzoy! chloride in producing azlactonization (unpublished 
data). This reaction appears to offer promise for the preparation 
of O,N-diacyl derivatives of aminohydroxy acids. 

The structure of the azlactone was established by the reactions 
shown in (II) and (IIT).* 


O O O 
Ac,O 
CH;C—-H + C,H;C—-NH—CH.CO.H CH,CH=C—C 
NaOQAc 
N O 
CeHs 
Il 
CHsCH.CO—-CO,H CH;CH,C—CO,H 
T | 
N 
| 
NH 
O | 
| 
CH;CH==C —C CH;CH==C—CO,H 
N O NH 
CO—C,Hs 
| 
| 
CH;CH,--CH— CO,H 
NH 
| 
CO—C,H; 


The yield of azlactone from acetaldehyde and hippuric acid was 
low. Acetaldehyde polymerizes too readily to make this reac- 
tion feasible for preparative purposes. 

The azlactone was surprisingly resistant to hydrolysis, and 
could be recrystallized with little loss from hot aqueous alcohol. 
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However, it was hydrolyzed to benzoyl-a-aminocrotonic acid by 
refluxing with water or dilute hydrochloric acid. On long con- 
tinued refluxing with dilute hydrochloric acid both the azlactone 
and benzoyl-a-aminocrotonic acid yielded a-ketobutyric acid 
(isolated as the phenylhydrazone). 

Benzoyl-a-aminocrotonic acid was readily reduced to benzoyl- 
a-amino-n-butyric acid with hydrogen, with platinum as _ the 
catalyst and either glacial acetic acid or ethyl alcohol as the sol- 
vent. Reduction of the azlactone in aqueous acetic acid also gave 
benzoyl-a-amino-n-butyric acid. 

In the preparation of dl-threonine from crotonic acid (3) a 
considerable amount of crude N-benzoyl-O-methyl-dl-allothre- 
onine is obtained as a by-product. Since this material may be 
converted into the azlactone in excellent yield, it seemed desirable 
to investigate the possibility of converting the latter into threonine. 
A study of the reaction of the azlactone with methyl alcohol 
was therefore undertaken in the hope that a threonine derivative 
would result from the ad@lition of methyl aleohol to the carbon- 
carbon double bond. Under the influence of sodium methylate 
the desired change occurred. When the addition was carried 
out at —10° by adding a benzene solution of the azlactone to a 
concentrated solution of sodium methylate, the addition product, 
consisting almost entirely of N-benzoyl-O-methyl-dl-threonine, 
was obtained in yields of 30 to 38 per cent (LV). Sinee benzoyl- 


CH;CH==C — CO,CH; — CH;CH==C —CO,H 


| 


| 
CO CO 


CH,CH=C-—-C 


N O 
\ 7 CHs-CH-—CH —CO,CH; CH;CH —--CH—CO,H 
C | | | 
OCH; NH 
CoH | 
CHs CO CO 
C,H, C,H; 
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a-aminocrotonic acid is readily separated from the threonine 
derivative and is reconverted to the azlactone almost quantita- 
tively by warming with acetic anhydride, the reaction is of some 
value in the preparation of dl-threonine. 


EXPERIMENTAL 
O,N-Dibenzoyl Derivatives of dl-Threonine and dl-Allothreonine 


These derivatives were prepared by a slight modification of the 
method of Sérensen and Andersen. 11.7 gm. of the N-benzoyl 
derivative were dissolved in 50 cc. of 1 N sodium hydroxide. The 
solution was cooled in an ice bath and vigorously shaken during 
the benzoylation. 28 gm. of benzoyl chloride were added in ten 
portions, each successive portion when the odor of benzoyl! chloride 
could no longer be detected in the reaction mixture. 180 to 
190 ce. of 2 N sodium hydroxide were added in 9 ec. portions. 
In order to avoid a large excess of alkali the additions were made 
only when the formation of a precipitate indicated the absence 
of free base in the mixture. When the reaction was completed 
(30 to 40 minutes) a slight excess of dilute hydrochloric acid 
was added. The precipitate was removed by filtration and was 
air-dried. The gummy mass thus obtained was extracted with 
500 ec. of hot, high boiling petroleum ether. The viscous oil 
which remained was extracted with 40 ce. of hot alcohol, and the 
filtered solution was diluted with water until a slight haziness was 
produced (3 to 4 volumes). The dibenzoy! derivative crystallized 
on standing in the ice box for 24 to 48 hours. The O,N-di- 
benzoyl-dl-threonine was recrystallized from benzene and melted 
at 158-159° The O, N-dibenzoyl-dl-allothreonine was recrystal- 
lized from 40 per cent alcohol and melted at 179-180°. 


Calculated. N 4.28, neutral equivalent 327 
‘Threonine. Found. 4.33. 326 


2 Abderhalden and Stenger (4) reported a melting point of 174° for 
O,N-dibenzoyl-di-allothreonine and a melting point of 147-148° for O,N- 
dibenzoyl-di-threonine. The latter derivative was prepared from a crude 
sample of dl-threonine which must have contained considerable dl-allo- 
threonine, since it gave an N-benzoyl derivative melting at 178°. N- 
Benzoyl|-dl-allothreonine melts at 178°, while N-benzoyl-dl-threonine melts 
at 147 148°. 
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Each of these derivatives was hydrolyzed to the original N- 
benzoy! derivative by the action of 2 N sodium hydroxide at room 
temperature for 3 hours. 


Reaction of N-Benzoyl Derivatives with Benzoyl Chloride 


N-Benzoyl-dl-Allothreonine—-A solution of 22.3 gm. (0.1 mole) 
of N-benzoyl-dl-allothreonine in 200 ec. of anhydrous pyridine 
was placed in a 500 ce. Erlenmeyer flask fitted with a 2-hole stop- 
per carrying a dropping funnel and a calcium chloride tube. The 
flask was cooled to —5° in an ice-salt bath, and 14 gm. (0.1 mole) 
of benzoyl chloride were added during 5 minutes with gentle 
shaking of the flask. (Pyridine hydrochloride usually separated 
toward the end of the reaction.) After the addition of benzoyl 
chloride was completed, the contents of the flask were poured 
slowly into 1 liter of dilute iced hydrochloric acid containing 200 
ec. of concentrated hydrochloric acid. The precipitate was re- 
moved by filtration and air-dried. This material (a mixture of 
benzoic acid and the azlactone) was dissolved in 150 ce. of hot 
alcohol, and the filtered solution was diluted with 100 cc. of water. 
This caused the azlactone to precipitate in the form of fine needles. 
The mixture was cooled overnight in the ice box, and the azlactone 
was removed by filtration. This material was fairly pure, 
melting at 90-93°. A second recrystallization from aqueous 
alcohol gave the pure substance melting at 95-96°. The yield of 
once recrystallized azlactone was 15 to 16.5 gm. (80 to 88 per 
cent of the theoretical amount). The azlactone is readily soluble 
in cold benzene, and moderately soluble in cold alcohol and cold 
petroleum ether. 


C,,HsO.N. Calculated. C 70.58, H 4.81, N 7.49 


The yield of azlactone from N-benzoyl-dl-allothreonine was not 
affected by carrying out the reaction at room temperature, by 
increasing the time, or by using 2 M equivalents of benzoyl chloride. 

N-Benzoyl-O-methyl-di-threonine, N-benzoyl-O-methyl-dl-allo- 
threonine, and N-benzoyl-O-acet yl-dl-allothreonine gave the same 
results as N-benzoyl-dl-allothreonine in this reaction. 

N-Benzoyl-dl-Threonine The above experiment was repeated 


| 
3 
£1 
$ 
4 
a 
oy 
& 
> 
3 
& 
4 
¥ 


(‘arter, Handler, and Melville 365 


by using N-benzoyl-d/-threonine. This substance gave only a 
30 per cent yield of azlactone when treated with 1 M equivalent of 
benzoyl chloride at room temperature. At O° the yield was 60 
to 70 per cent. The reaction product in each case was difficult 
to purify, and the aleoholic solutions on standing developed a 
strong odor of ethyl benzoate, pointing to the possible presence 
of benzoic anhydride as a contaminant. This indication was 
confirmed by the isolation of 0.6 gm. of benzoic anhydride from the 
interaction of 5.6 gm. of N-benzoyl-dl-threonine and 3.5 gm. of 
benzoyl chloride. When 2 moles of benzoyl chloride were used 
per mole of N-benzoyl-dl-threonine, the yield of azlactone was 
increased to 8O per cent. Evidently N-benzoyl-dl-threonine is 
less reactive than the corresponding allothreonine derivative, and 
a certain amount of benzoyl chloride reacted with the benzoic 
acid formed as a by-product rather than with the benzoyl deriva- 
tive. The reaction of benzoyl chloride with benzoic acid in a 
pyridine solution occurs very readily (5) and is a convenient 
method of preparing benzoic anhydride. 


Reaction of N-Benzoyl Derivatives with Acetic Anhydride 


N-Benzoyl-dl-Allothreonine —A solution of 11.2 gm. (0.05 mole) 
of N-benzoyl-dl-allothreonine in 20 ce. of anhydrous pyridine was 
eooled in an ice-salt bath and vigorously shaken while 5.1 gm. 
(0.05 mole) of acetic anhydride were added slowly during a 
period of 5minutes. The solution was allowed to stand 30 minutes 
in the ice bath, and was then poured into a slight excess of dilute 
iced hydrochlorie acid. The precipitate was removed by filtra- 
tion, and extracted with warm petroleum ether. A small amount 
of a gummy solid failed to dissolve. The petroleum ether solution 
was concentrated and cooled overnight in the ice box. The 
precipitate (2 gm.) was nearly pure azlactone melting at 93-95°. 
The original filtrate on standing in the ice box overnight deposited 
a considerable amount of crystalline material. This was combined 
with the gummy residue from the petroleum ether extraction, and 
was purified by dissolving in 1 N sodium bicarbonate solution and 
precipitating with dilute hydrochloric acid. This step was neces- 
sary in order to remove traces of pyridine. The precipitate thus 
obtained melted at 86 89°. The melting point was not raised 


366 Azlactones. I 


by recrystallization from water, aqueous alcohol, or benzene. 
Despite the melting point range the compound appeared to be 
pure on the basis of analyses and neutral equivalent. 


Calculated. C 58.87, H 5.66, N 5.28, neutral equivalent 265 


It gave a good yield of pure N-benzoyl-dl-allot hreonine on hydrol- 
ysis with 2 N sodium hydroxide at room temperature for 2 hours. 
When the previous reaction was repeated with 2 mM equivalents 
of acetic anhydride, the azlactone was obtained in good yield, and 
no O-acetyl-N-benzoyl-dl-allothreonine was isolated from the 
mixture. ‘This result was expected, since the O-acetyl derivative 
is converted into the azlactone very readily by the action of either 
benzoyl chloride or acetic anhydride in pyridine. 
N-Benzoyl-dl-Threonine Under the conditions described above 
for the allothreonine derivative, 11.2 gm. of N-benzoyl-dl-allo- 
threonine and 5.1 gm. of acetic anhydride yielded 1.5 gm. of 
azlactone and 6.0 gm. of O-acetyl-N-benzoyl-di-threonine melting 


at 138-140°. 


Calculated. C 58.87, H 5.66, N 5.28, neutral equivalent 265 
Found. 68.98, ** 5.61, 5.40, 263 


This substance crystallized readily from either, hot. water or 
benzene, and was converted into N-benzoyl-dl-threonine by 
standing in a 2 N sodium hydroxide solution at room temperature 
for 2 hours. 


Hydrolysis of Azlactone 


Benzoyl-a-Aminocrotonic Acid 25 gm. of azlactone were re- 
fluxed for 5 minutes with 800 ec. of 1 N hydrochloric acid. The 
resulting solution, on cooling in an ice bath, yielded 16 gm. of 
white crystalline material melting at 185 190°. This was dis- 
solved in a mixture of 150 cc. of benzene and 50 ec. of alcohol. 
200 cc. of petroleum ether were added, thereby precipitating 14 
gm. of pure benzoyl-a-aminocrotonic acid. The latter melted 
at 193-195°. 


C,,H);,O,;N. Caleulated. N 6.83, neutral equivalent 205 
Found. ‘* 6.96, 205 
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The azlactone was hydrolyzed to benzoyl-a-aminocrotonic acid 
by refluxing for 1.5 hours with 60 volumes of water. However, 
the yield was not so good as that obtained in the preceding experi- 
ment. Benzoyl-a-aminocrotonic acid was reconverted to the 
azlactone by warming fér 5 minutes on the steam cone with 5 
volumes of acetic anhydride, or by the action of an equivalent 
amount of benzoyl chloride in pyridine. 

a-Ketobutyric Acid—5 gm. of the azlactone or of benzoyl-a- 
aminocrotonic acid were refluxed for 3 hours with 200 ec. of 1 .N 
hydrochloric acid. The solution was cooled and filtered, yielding 
1.5 to 2.0 gm. of benzoyl-a-aminocrotonic acid. The filtrate was 
neutralized with 2 N sodium hydroxide. A mixture of 3 gm. of 
phenylhydrazine hydrochloride and 1.7 gm. of sodium acetate 
was added, and the solution was allowed to stand overnight at 
room temperature. The dark brown precipitate was removed by 
filtration, dried, and recrystallized from benzene. 1.4 gm. of the 
phenylhydrazone of a-ketobutyric acid were obtained. This 
material melted at 160-162° when placed in an oil bath at 158° 
and heated rapidly to the melting point.* 

Benzoyl-a-Aminobutyrie Acid 10.2 gm. (0.05 mole) of benzoyl- 
a-aminocrotonic acid were dissolved in 100 cc. of glacial acetic 
acid (or 150 cc. of aleohol), and reduced with hydrogen with 0.25 
gm. of platinum oxide as the catalyst. 0.05 to 0.06 mole of hydro- 
gen was absorbed in 15 to 20 minutes. In the presence of a 
freshly prepared catalyst the absorption of hydrogen then con- 
tinued at a very slow rate with reduction of the benzene ring. 
Usually the reaction was stopped at the end of 15 to 20 minutes. 
The platinum was removed by filtration, and the filtrate was 
concentrated to a heavy oil. The latter crystallized on cooling. 
The material, after several recrystallizations, from benzene or 
aqueous aleohol, yielded pure benzoyl-a-amino-n-butyrie acid 
melting at 142 144°, and giving no depression of the melting point 
when mixed with a sample of the benzoyl derivative prepared by 
the method of Fischer and Mouneyrat (7). 

Reduction of 10 gm. of azlactone in 100 ce. of glacial acetic acid 
containing | ec. of water yielded 9.0 gm. of crude benzoyl-a- 
amino-n-butyric acid melting at 130-136°. This material, when 

> Barré (6) reported that the phenylhydrazone of a-ketobutyrie acid 
melts at 152° when heated slowly and at 161° when heated rapidly. 
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: hydrolyzed by the method of Fischer and Mouneyrat (7), gave 
& a 75 per cent yield of pure a-amino-n-butyric acid. It seem prob- 
: able that the low melting point of the crude reduction product was 
due to the presence of a small amount of hexahydrobenzoyl-a- 
amino-n-butyric acid. 

Condensation of Acetaldehyde with Hippuric Acid — Several dif- 

ferent conditions for this reaction were studied. In no case was 
the yield of azlactone satisfactory. The best results were obtained 
as follows: 
In a 3-necked, 1 liter flask provided with a mechanical stirrer, 
; efficient condenser, and a dropping funnel were placed 17.9 gm. 
of hippuric acid, 8.2 gm. of anhydrous sodium acetate, and 50 
gm. of acetic anhydride. 50 ce. of acetaldehyde were added with 
stirring over a period of 2 hours. The reaction mixture was then 
warmed at 50-60° for 3 hours and poured into ice water. An 
oil separated and then erystallized on stirring. The crude solid 
was recrystallized several times from aqueous aleohol, yielding 
3 to 4 gm. of azlactone melting at 90 93°. 

Reaction of Azlactone with Sodium Methylate 4.6 gm. of sodium | 
were dissolved in 100 ec. of anhydrous methyl alcohol in a 1 liter, | 
3-necked flask equipped with a condenser, stirrer, and dropping 
funnel. The contents of the flask were cooled to — 10° in an ice- | 
salt bath and treated slowly with stirring with a solution of 37.4 | 
gm. (0.2 mole) of azlactone in 300 ce. of benzene. The reaction 
mixture was allowed to come to room temperature over a period 
of 4 hours. 400 ec. of water were added, and ,the solution was 
stirred vigorously for | hour. The benzene was removed under Pe 
reduced pressure, and the aqueous solution was acidified with 100 
ec, of 1 N hydrochloric acid. 15 to 18 gm. of nearly pure benzoyl- | 
a-aminocrotonic acid precipitated. The filtrate was strongly | 
acidified and placed in the ice box overnight. The precipitate was 
removed by filtration, and air-dried, yielding 18 to 22 gm. of | 
erude N-benzoyl-O-methyl-dl-threonine. This material was re- 
crystallized from 2 volumes of acetone (in which it is not com- 
pletely soluble), and yielded 15 to 18 gm. (30 to 38 per cent) of | 
nearly pure benzoyl derivative melting at 155 157°. (Pure 
N-benzoyl-O-methyl-di-threonine (3) melts at 158-159°.) 
order to determine whether any N-benzoyl-O-methyl-dl-allo- 
threontine was also produced in the reaction, the filtrate was con- 
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centrated and the gummy residue was recrystallized from ben- 
zene. No pure substance was isolated. However, the presence 
of a small amount of the allothreonine derivative was indicated 
by the melting point (120-126°) and the neutral equivalent (240) 
of the impure solid thus obtained. (Pure N-benzoyl-O-methyl- 
dl-allothreonine melts at 129-130° and has a neutral equivalent of 
237.) 
SUMMARY 

1. N-Benzoyl-dl-threonine, N-benzoyl-dl-allothreonine, and 
their O-methyl, O-acetyl, and O-benzoyl derivatives are con- 
verted into benzoyl-a-aminocrotonic acid azlactone by the action 
of benzoyl! chloride in pyridine. 

2. The structure of the azlactone was established by synthesis 
from hippuric acid and acetaldehyde, by reduction to benzoyl- 
a-amino-n-butyric acid, and by hydrolysis to benzoyl-a-amino- 
crotonic acid and a-ketobutyric acid. 

3. Benzoyl-a-aminocrotonic acid azlactone is converted into 
N-benzoyl-O-methylthreonine by the action of sodium methylate. 
This reaction affords a means of converting allothreonine into 
threonine. 
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USE OF KROGH’S PRECISION SYRINGE FOR RAPID 
SPECIFIC GRAVITY MEASUREMENT OF SERUM 
AS AN INDICATOR OF PROTEIN CONTENT 


By JAN SCHOUSBOE 


(From the Finsen Laboratory, Copenhagen, Denmark) 
(Received for publication, February 17, 1939) 


Of the various rapid physical methods that have been suggested 
as approximate measures of plasma protein concentration, Moore 
and Van Slyke (1) decided that specific gravity was the most 
accurate. These authors found the relation between the specific 
gravity of serum and serum protein to be represented by the 
following equation: 


Serum protein per cent = 343 (specific gravity — 1.007) 


1.007 being the specific gravity of serum without protein and 343 
a numerical constant indicating that the specific gravity increases 
by 1/343, or 0.0029, for every additional 1 gm. of protein per 
100 cc. of serum. The greatest difference Moore and Van Slyke 
found between the amount of protein by chemical determination 
and that estimated from the specific gravity was 0.6 gm. per cent. 
Most determinations do not show nearly such great deviation. 

The formula has since been confirmed by many authors; e.g., 
Nugent and Towle (2), Weech, Reeves, and Goettsch (3), and 
Weech, Snelling, and Goettsch (4). These last authors found good 
agreement in cases of experimental hypoproteinemia in dogs, even 
when serum protein concentration was as low as 1.84 per cent. 

Moore and Van Slyke used calibrated weighing bottles for their 
specific gravity determinations. Bing (5) uses a glass bead of 
1.0158 specific gravity, the serum being diluted with physiological 
saline solution until the bead just floats. The protein content of 
the serum is calculated from the dilution. We believe that the 
method described below offers advantages of rapidity and con- 
venience over both these techniques, particularly when series of 
observations are performed. 
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Method 


The method consists of delivering a definite volume of serum 
from a precision Krogh (6) syringe into a weighing bottle, and 
comparing the weight with that of an equal volume of water 
delivered at the same temperature from the same syringe. A 
series of serum samples can be measured quickly and accurately. 

The freshly drawn blood is allowed to stand for 4 hour in a 
thermostat at 37°, after which it is centrifuged and the serum 
pipetted off. The tube with clear serum (recentrifuged if neces- 
sary) is corked and stood, with a tube of distilled water, in a 
water bath at room temperature for half an hour. 

A Krogh syringe of about 1 ce. capacity 1s filled with the serum. 
The syringe is then emptied into a tared weighing bottle, and 
the ejected serum is weighed to 0.1 mg. 

The piston must be pressed only gently while the syringe is 
being emptied, to insure greatest accuracy. The point of the 
cannula is tapped against the side of the glass when the syringe 
has been emptied, so that the last drop can drain off. 

The syringe is cleaned after each determination ina series. This 
is easily done by a couple of blank strokes of the piston, after 
which half a syringeful of the new sample is drawn up and washed 


out. The air bubbles are expelled and the new sample is drawn up. | 


Results 


The accuracy of this method of measurement is shown in Table 
I, which reports weighings of ten samples of water and of ten 
samples of a given serum. The amount of protein was calculated 
from the specific gravity according to the formula of Moore and 
Van Slyke. Ten Kjeldahl determinations were made on 0.5 ce. 
portions of the same serum. The non-protein N, found by pre- 
cipitating 5 ec. of serum with 15 ec. of 10 per cent trichloroacetic 
acid, followed by Kjeldahl determination of 4 ec. of filtrate (corre- 
sponding to 1 cc. of serum), was subtracted from the total N. The 
protein content of the serum was calculated as 6.25 *& ((total N) 
— (non-protein N)). 

For the serum of Table I the specific gravity method indicated 
a little higher protein content than that found by Kjeldahl de- 
termination, but Table II indicates that in a series of sera the 
difference is about as often positive as negative. 
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Table II shows the results of the specific gravity method and 
of the Kjeldahl method for a series of normal subjects and of 
patients, selected at random, some with normal and some with 
pathological serum protein values. Considerable divergence be- 
tween the results of the two methods was found in only a single 
ease, one of amyloid degeneration of the kidneys, in which the 
specific gravity method gave 7.27 per cent and the Kjeldahl 


TABLE I 
Reproducibility of Measurements on One Serum 


Serum Serum protein Serum protein 


Distilled water, Serum, 18.5° | specific gravity | calculated | calculated 
18.5 , (from water from specific from Kjeldahl 
0.9994) gravity analyses 
gm. per 100 cc. gm. per 100 cc. 
0.9993 1.0246 | 1.0252 6.24 6.61 
6 2 48 6.11 | 6.47 
5 8 54 6.31 6.61 
4 5 51 6.21 6.47 
] 2 48 6.11 6.40 
3 2 48 6.11 6.41 
3 6 52 6.24 6.33 
3 l 47 6.07 6.40 
51 6.21 6.33 
8 6 52 6.24 6.50 
gm, per cent | gm. per cent 
0.9994 1.0244 | 1.0250 6.19 6.45 
+0 .00024 +0 .00024 +0.00024 +0.08 +0.1 
Mean error 2.36 Mean error 2.38 


x 10° | 


method 6.45 per cent; but the patient suffered from uremia in- 
cipiens, with a non-protein N value of 168 mg. per cent. 

To show that this method is applicable to even extremely low 
protein values, dilutions made with Ringer’s solution (sp. gr. 
1.0055) have also been tested, examples being given in Table III. 
As the specific gravity of the Ringer’s solution was not 1.0070, 
but 1.0055, Moore and Van Slyke’s formula was altered accord- 
ingly for the diluted samples; 7.e., when the dilution was 1:1 the 
formula used was 


Protein per 100 ce. = 343 (specific gravity — 1.0063) 
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TABLE II 


Comparison of Serum Protein Concentrations by Kjeldahl Method with 
Concentrations Estimated from Specific Gravity 


| Protein | | 


calculated Protein 1; Non- 
Diagnosis gravity | | | ones | Brotein 
gravity 
| | gm, per gm. per per mg. per 
| | 100ec. | 100ec. | 100¢ec. | 
O. P. | Healthy | 1.0282 | 7.27 | 7.36 | 0.09 33 
H.N. | ‘ | 1.0281 | 7.24 | 7.40 | 0.16 | 20 
AP. " | 1.0267 | 6.76 | 6.95 | 0.19 20 
I. H. Polyarthritis | $8.2 | 19 
E. P. 1.0302 7.96 8.06 0.10 40 
O.N. 1.0286 | 7.41 7.40 —0.01 48 
R.O. | Spondylitis 1.0305 8.06 8.38 0.32 20 
S. J. Lymphoma 1027s | 7.13 | 7.02 |-0.11 95 
G.S. | Lymphogranuloma 1.0273. 6.96 7.15 0.19 11 
M. N. Anemia 1.0285 | 7.38 | 7.52 | 0.14 | 2 
O.L. | Tracheitis 1.0279 | 7.17 | 7.12 |-0.05 | 22 
G.S. Sinusitis max. 1.0285 | 7.38 | 7.26 |-0.12 25 
H.N. | Icterus | 1.0257 | 6.41 | 6.52 | 0.11 40 
G. T. | Carcinoma mam. 1.0235 | 5.66 | 5.93 0.27 18 
J. N. | Myelomata 1.0301 7.92 8.07 0.15 61 
F. R. | Sarcoma femoris 1.0251 | 6.21 | 6.20 |-0.01 383 
H. P. | Boeck’s sarcoma /| 1.0286 7.41 | 7.54 | 0.13 | 62 
| 1.0293 | 7.65 | 7.71 | 0.06 | 62 
I. A. Hypoproteinemia 1.0170 3.438 3.35 —0.08 ee 
+ 1.0165 | 3.26 | 3.25 |-0.01 | 13 
-TaBLe III 
Accuracy of M ethod with | Low Protein Concentrations 
‘Serum from normal subject | | ‘pathic 
‘Undiluted "Diluted 1 1 “Undiluted | Diluted 1: 
| (1.0172) (1.0110) 
Protein calculated from spe- | | | 
| | (3.71) | (1.63) 


| | (1.63) 
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The figures in parentheses in Table III] show the values theoreti- 
cally calculated from those for undiluted serum and the degree 
of dilution. 


SUMMARY 


A rapid method is described for determining the specific gravity 
of serum by means of Krogh’s precision syringe.! It yields re- 
sults suitable for estimating serum protein concentration by the 
formula of Moore and Van Slyke. The results of such protein 
estimations are found to agree well with those by the Kjeldahl 
method. 
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1 Krogh’s precision syringes are made at the University Zoophysiological 
Laboratory, Copenhagen. 
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ANTICATALASE 


By EUSEBIO TRIA 
(From the Department of Zoology, Cornell University, Ithaca) 


(Received for publication, April 24, 1939) 


The literature contains numerous claims that enzymes are 
antigenic. But the studies on the antigenic nature of enzymes 
made before these substances were purified by crystallization are 
all questionable, because it is Impossible to determine whether the 
reactions obtained were due to enzymes as such or to the other 
proteins with which they were associated. Therefore, while 
there are many experiments that indicate the probable production 
of antienzymes, there are only few that prove beyond all possible 
doubt that an antienzyme can be produced. 

As urease was the first enzyme to be obtained in pure condition, 
so antiurease (1) was the first antienzyme to be obtained in reason- 
able amount, and to have its properties described with sufficient 
exactness. Antiurease is an immune body with properties similar 
to those of other immune bodies. 

Crystalline pepsin of swine also (2) gives rise to pepsin-pre- 
cipitating antibodies. But pepsin is inactivated above pH 6, 
and therefore active pepsin cannot exist in the body fluids. It 
is most likely that inactive denatured pepsin is responsible for 
the antibodies developed following the injection of active pepsin, 
and the denaturation of the pepsin may produce a new specificity 
very different from that of the original native protein. 

More recently Seastone and Herriott (3) have demonstrated 
that alkali-denatured pepsins from swine, cattle, and guinea pigs 
precipitate with swine pepsin antiserum, and that similarly treated 
pepsins from the rabbit, chicken, and shark do not. They found 
also that pepsinogen antisera react with pepsinogen, but not with 
twice crystallized pepsin, nor with the serum proteins from the 
homologous species. 

By means of the anaphylactic test with the Dale technique, 
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Ten Broeck (4) was able to differentiate pig and beef trypsin, 
as well as chymotrypsin, each of which had been purified by five 
erystallizations. 

In the year 1930 Harvey and Deitrick (5) were able to immunize 
rabbits against luciferase. 

An immunological study of crystalline catalase has not been 
made previously. We believe that catalase should be especially 
suitable for such a study, since catalase is not destroyed in the 
serum and since it was possible in this laboratory to prepare 
crystalline catalases from three species. 

A type of anticatalase was first found by Battelli and Stern (6) 
in blood and tissues, and has been studied by many authors. 
But this substance is a paralyzer normally occurring in the organ- 
ism and is not an antibody formed following the introduction of 
an antigen. The anticatalase of Battelli and Stern inactivates 
catalase by a process of oxidation, and this action is destroyed by 
a thermolabile substance normally occurring in the organism; 
namely, philocatalase. 

Belkina and others (7) found that upon injection into the blood 
of rabbits, catalase disappears from the blood in about 3 hours. At 
the same time there is no variation in the anticatalase of the tis- 
sues, with the exception of the liver, where one finds a diminution 
of anticatalase. 

This anticatalase of Battelli and Stern is not present in all tis- 
sues. According to von Euler, it never oecurs in plants. 


EXPERIMENTAL 


Preparation of Crystalline Catalases——In this work we used 
crystalline catalase prepared from beef, lamb, and horse livers. 
The beef liver catalase was prepared by the method of Sumner and 
Dounce (8) and was recrystallized twice. The horse liver catalase 
was prepared by the method of Dounce and Frampton (9) and 
was once recrystallized. The lamb liver catalase was prepared 
by a method modified by Dr. Dounce from the original procedure 
of Sumner and Dounce for beef catalase. It was once recrys- 
tallized. 

The horse liver catalase solution used in the experiments was 
prepared by dissolving the crystals in distilled water. The beef 
and lamb crystals were dissolved in dilute alkaline phosphate 
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buffer of pH 7.4. The solutions were preserved in the ice chest 
without the addition of toluene. The concentrations of beef, 
lamb, and horse catalase solutions were respectively 1.25, 0.7, 
and 1.2 per cent by dry weight determinations. 

Production of Rabbit Anticatalase and Determination of Anti- 
catalase Activity of Serum—Anticatalase was produced by giving 
four 5 pound rabbits intravenous injections of beef liver catalase. 
The catalase injected intravenously or intraperitoneally has no 
poisonous action. The rabbits tolerate doses of 100 mg. without 
difficulty. 

Two rabbits were given injections every 3 days for 380 days; 
every injection contained 12.5 mg. of enzyme. Both rabbits were 
found to be well immunized at the end of the 30 day period. 
Two other rabbits were given injections every 3 days over a period 
of 18 days. ‘The first dose was of 1.25 mg. in 1 ce., the second 2.50 
mg., the third 3.75 mg., andsoon. 1 week after the last injection, 
the serum of one of the two rabbits had high anticatalase activity. 
The serum of the other rabbit did not contain anticatalase. The 
production of anticatalase was followed by testing the ability 
of the serum to precipitate catalase. The method of running the 
tests was as follows: 4 to 5 ec. of blood were taken from an ear 
vein of the rabbit and allowed to clot normally in a 15 ee. centri- 
fuge tube. The clot was broken up and centrifuged. To test- 
tubes containing 1 ce. of serum or serum diluted with 0.85 per 
cent NaCl, 1 ec. of catalase at various dilutions and 8 ee. of O.85 
per cent NaCl were added. The tubes were kept at 37° for 30 
minutes and then were examined in a strong beam of light. The 
results are given in Table I. It can be seen that the optimal dilu- 
tion of serum is 1:10, with a catalase concentration of 0.1 to 1 mg. 

1 weck after the last injection of catalase, the rabbits were 
etherized and bled from the carotid artery, and the anticatalase 
activity of the serum was determined quantitatively. The method 
was as follows: 1 ec. of immune serum was added to a test-tube 
containing 1.25 mg. of catalase. The total volume was made up 
to 10 ec. by the addition of 0.85 per cent NaCl. The tube was 
incubated at 37° for 4 hour and was then centrifuged. The 
catalase activity, measured by the monomolecular reaction velocity 
constant, according to the method of von Euler and Josephson 
(10) was determined for 1 ee. of 100-fold diluted supernatant 
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liquid. 0.9 per cent NaCl solution was used for this dilution. 
A K value of 0.022 was found for this diluted solution. The ex- 
periment was repeated with the serum of a normal rabbit, to which 
had been added the same amount of beef catalase, and which had 
been diluted in the same way. The K value was 0.026. The 
difference in these K values can be used to measure the amount of 
catalase precipitated by the anticatalase. Taking this difference 
and multiplying by the dilution factors, we have (0.026 — 0.022) 
x 100 K 10 = 4. If we define a unit of catalase as the amount 
which would give a velocity constant A equal to 1, where A is 
determined by the equation A = 1/t logy A/(A—X) under con- 
ditions described by von Euler, we then have 4 units of catalase 


TABLE I 


Production of Rabbit Anticatalase and Determination of 
Anticatalase Activity of Serum 


Catalase 1.25 mg., total volume 10 cc. Anticatalase 0.1 cc., total volume 10 cc. 


Serum | ‘Wecsinliate Catalase | Precipitate 

1.0 | +++ | 12.5 ee 

0.1 | 1.25 

0.01 | ++ 0.125 TT 

0.001 | + | 0.0125 + 


precipitated by the anticatalase in 1 cc. of the immune serum used 
in the above experiments. If we define a precipitation anti- 
catalase unit as the amount of anticatalase which will precipitate 
1 unit of catalase, we see that this serum had 4 anticatalase units 
in | ee. 

Purification of Anticatalase and Determination of Activity in 
Purified Anticatalase—To the total amount of serum obtained by 
bleeding to death an immune rabbit sufficient beef catalase solu- 
tion is added to make 1.25 mg. of catalase per ec. of serum, and 
sufficient 0.9 per cent NaCl solution to make the total dilution 
10-fold. The preparation is mixed and incubated for a half hour 
at 37°. The precipitate of catalase-anticatalase is then centre 
fuged down and is washed three times with 0.9 per cent NaCl 
solution. Then it is suspended in 5 ec. of water, and 5.00 cc. of 
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0.01 N HCl are added. About 5 minutes later, 1 ec. of phosphate 
buffer of pH 5.7 is added, followed by 5.00 ce. of 0.01 N NaOH. 
The denatured catalase is centrifuged down. The activity of the 
purified anticatalase in the supernatant liquid was determined 
as follows: To a 15 ce. centrifuge tube 1 cc. of anticatalase, | 
ec. of catalase, and 8 ce. of 0.9 per cent NaCl solution were added. 
The solution was mixed, incubated, and centrifuged, and its 
catalase activity determined. The A value was 0.018 per cc. of 
this solution. The same experiment was performed with the 
solution of catalase without anticatalase, and K was found to be 
0.029. Subtracting the first of these A values from the second 
and multiplying by the dilution factors, we have: (0.029 — 0.018) 


TABLE II 


Differentiation of Catalases from Beef, Lamb, and Horse Liver 
by Means of Precipitin Test 


Precipitate 
Beef liver | Lamb liver Horse liver 

mg. | | 
10.0 | | | 

1.0 ++ - 

0.1 +++ | ++ + 

0.01 | ++ | 


x 100 K 10 = 11, the number of anticatalase units in each ce. of 
purified anticatalase solution. After dialysis, the dry weight of 
| ec. of purified anticatalase was 5.0 mg., so that the number of 
units of anticatalase per gm. were 2200. After dialysis, the number 
of units per gm. of dried immune serum were 42. This gives a 
purification of about 50-fold. 

Differentiation of Catalases from Beef, Lamb, and Horse Liver by 
Means of Precipitin Reaction——1 ec. of immune rabbit serum 
diluted 10-fold with 0.9 per cent NaCl was added to different 
quantities of crystalline beef, lamb, and horse liver catalases. 
The solutions were then incubated for } hour at 37°. The beef 
liver catalase gave a definite turbidity which formed a floeculent 
precipitate. Lamb liver catalase also always gave a precipitate, 
but not in so great a quantity. Horse liver catalase gave only a 
very slight precipitate in 3 hour, and sometimes no precipitate 
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at all. However, if it was allowed to stand at 37° for 3 hours, it 
occasionally yielded an appreciable quantity of precipitate. 
Table II shows these results. | 

Differentiation of Catalases of Beef, Lamb, and Horse Livers by 
Means of Anaphylactic Test-—In order to make this test, three 
guinea pigs weighing about 125 gm. were given intraperitoneal 
injections of 0.5 ec. of a solution of beef catalase containing ap- 
proximately 0.62 mg. of catalase. 15 days after this injection, 
the three guinea pigs were given respectively intraperitoneal 
injections of 5 mg. of beef catalase, 5 mg. of lamb catalase, and 5 mg. 
of horse catalase. The guinea pig given the beef liver catalase 
died within 5 minutes with all the symptoms of anaphylactic 
shock. The other two had no symptoms. ‘To be sure that the 
latter two guinea pigs were sensitized, we injected both after 4 
hour with 5 mg. of beef liver catalase. Both died within 8 min- 
utes, showing all the typical symptoms of anaphylactic shock. 
Three other guinea pigs, not sensitized, were given the same doses 
of the three enzymes, respectively, without showing any symp- 
toms. 

Later three black guinea pigs were given intraperitoneal in- 
jections of 3 mg. of crystalline horse liver catalase, while three 
white guinea pigs were given injections of 2.1 mg. of crystalline, 
lamb liver catalase. 20 days later injections of either horse or 
lamb liver catalase brought about fatal anaphylactic shock to the 
guinea pigs which had been sensitized to horse liver catalase. 
The same results were obtained upon injecting either horse or 
lamb liver catalase into the guinea pigs sensitized to lamb liver 
‘atalase. 


SUMMARY 


1. The serum of rabbits immunized with crystalline, beef liver 
catalase contains an antibody which precipitates crystalline, 
beef liver catalase. 

2. A quantitative method for estimating anticatalase has been 
devised. 

3. A method for the purification of anticatalase has been worked 


out. 
4. The precipitin reaction indicates that beef and lamb liver 
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catalases are more closely related to each other than they are to 
horse liver catalase. 
5. When the ¢ hylaxis test is made wit! inea pigs, the 
5. en the anaphylaxis test is made with guinea pigs, the 
results are difficult to interpret. 


The author wishes to thank Dr. A. L. Dounce for supplying 
him with preparations of crystalline catalase and Professor J. B. 
Sumner for valuable suggestions. 
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IMMUNOCHEMISTRY OF CATALASE 


By DAN H. CAMPBELL ann LYMAN FOURT 


(From the Department of Bacteriology and Parasitology and the George 
Herbert Jones Chemistry Laboratory of the University of Chicago, Chicago) 


(Received for publication, May 4, 1939) 


The use of purified enzymes as antigens appears to have been 
confined to the hydrolytic enzymes, urease (1), pepsin and pep- 
sinogen (2, 3), and chymotrypsin and chymotrypsinogen (4). 
These proteins have not been found to contain a prosthetic group 
(5). Another large class of enzymes, especially those concerned 
with oxidation, contains a prosthetic group, sometimes reversibly 
dissociable. We have undertaken an immunochemical study of 
crystalline catalase as an example of a conjugated protein enzyme, 
although the nature of the prosthetic group is not yet completely 
known (6) nor has a means of reversible dissociation been found. 
An antibody to catalase appears to be formed readily. As a 
matter of convenience the term anticatalase is employed for this 
serological antibody, although it has been previously used by Stern 
and Battelli (7) for the presumptive substance in tissues responsible 
for inhibition of catalase activity. Our interest has been directed 
to two subjects: (1) the effect of the union of antibody and antigen 
on the activity of the enzyme, and (2) the specificity of the anti- 
body for enzyme from different sources, and for the prosthetic 
group of the enzyme. | 


EXPERIMENTAL 


Catalase-T'wo preparations of beef catalase were made in the 
manner described by Sumner and Dounce (6). Crystallization 
of catalase was accomplished by dialysis against distilled water 
rather than by precipitation with ammonium sulfate. In each 
preparation the first and second crystallizations yielded plates 
like those of Sumner and Dounce. Preparation Cy, only once 
recrystallized, had a Kat. f. of 30,000. Preparation C2, had been 
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kept on hand for several months after its first reerystallization, 
It was then recrystallized three times more. The material in the 
dialysis sae was quite different in appearance from before, in that 
it was almost black in color instead of green. Under the micro- 
scope it appeared to be wholly composed of greenish spheroids. 
On closer examination the spheroids proved to be irregular double 
pyramids, but although angles and lines could be recognized, no 
perfect crystals were found. This appears to be still another 
erystalline modification of catalase. The Aat. f. of this prepara- 
tion was 35,000. 

Horse liver catalase of Kat. f. 20,000 was made available to us 
by Dr. A. A. Bass of the Department of Biochemistry. This 
was prepared by Agner’s method (8) but without the final adsorp- 
tion on tricalcium phosphate. An attempt was made to prepare 
catalase from dog liver by treating it as Sumner and Dounce did 
beef liver. Some concentration of catalase was accomplished, 
but no crystals were obtained. 

Anticatalase—Anticatalase serum was prepared only against 
the beef liver catalase. Each of two young adult rabbits was 
given a total of six injections which contained approximately 12 
mg. of catalase per injection. The first three injections were made 
intravenously and the last three intraabdominally with a time 
interval of 6 days between injections. The animals were bled 10 
days after the last injection. The two sera were of approximately 
equal anticatalase activity. In no instance was there any notice- 
able toxic reaction in the animals. 

Determination of Catalase Activity--We have used the method of 
von Euler and Josephson (9) in which 


11 
Kat. = b 


where w is the dry weight of enzyme in 50 ml. of reaction mixture, 
fis time in minutes, and a and b are the potassium permanganate 
titers of aliquots of the reaction mixture taken at time ¢ = 0 and 
t = t respectively. The reaction mixture is 0.008 mM in hydrogen 
peroxide, buffered to pH 6.8 with 0.01 mM phosphate, and kept at 
ice temperature. To prevent precipitation of serum globulin our 
reaction mixture also contained 0.9 per cent sodium chloride. 
The Kat. f. values given for the various catalase preparations 
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are maximum values, obtained by extrapolation back to the time of 
mixing as zero time. The apparent Kat. f. falls rapidly in the 
course of the reaction. For this reason we have preferred to use 
K, the reaction velocity constant (A/w = Kat. f.) determined at 
5 minutes, checking this value by interpolation. 

The Aat. f. also varies with the age of the preparation. The 
concentrated stocks are the most stable. Dilute solutions vary 
in their stability; however, solutions of the same concentration, 
freshly made from a concentrated stock, agree fairly well. Two 
different concentrations of catalase solution were used in most of 
the determinations reported here. From the A against ¢ graphs 
the 5 minute values were read, which with the origin gave three 
points on a straight line relating A to catalase per 50 ml. From 
this straight line, in turn, the value of A was read at 5 micro- 
grams per 50 mi. 

To keep the age factor constant all determinations were made 
the same day as the final dilution, usually the next day after an 
experiment was set up. 200 micrograms of catalase contained 
in 0.1 or 0.2 ml. were measured into each of a series of centrifuge 
tubes. Normal rabbit serum or this plus anti-beef catalase serum 
was then added to make up the total volume of 1.0ml. After 
standing overnight in the ice box, these were centrifuged and 0.5 
ml. of the supernatant fluid removed and diluted to 50 ml. with 
0.01 mM phosphate and 0.9 per cent sodium chloride. In some 
experiments the precipitate instead of being spun down was 
suspended uniformly and diluted along with the supernatant. 
In others it was washed in water or saline to remove the super- 
natant and suspended separately. 


Results 


The activity of the supernatant fluid remaining after precipita- 
tion with different amounts of anticatalase serum is shown in 
Fig. 1. 

Fig. 1, A shows that each of the two beef catalase preparations 
was precipitated by the antiserum, in proportion to the amount of 
antiserum added. The preparations appear to differ since Prepa- 
ration C,, the less active (Kat. f. 30,000), required more anticatalase 
for complete removal than did Preparation C, (Kat. f. 35,000). 
The reality of this difference is open to doubt, however, since it is 
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small and since Preparation C, had aged longer since its last 
crystallization than had Preparation Cy. The quoted Kat. f. 
values were determined shortly after solution of the crystals. On 
the basis of the controls with normal serum taken at the time 
of these experiments, the Aat. f. at zero time of both Preparations 
C, and Cy was 20,000 + 3000. Hence, while a small difference 
is possible, we do not regard it as proved. 

Fig. 1, B shows that horse catalase is also precipitated by anti- 
beef catalase, but with two significant differences: (1) more 
antiserum is required to reduce the enzyme activity In a given ratio, 


0.09 
K K a 
0.06 006 
(e) 
©) 
003 003) 
0.0 05 mi. 10 0.0 os mi. 10 


Fic. 1. Precipitation of (A) beef catalase and (B) horse catalase. The 
ordinates represent catalase activity of the supernatant fluid (A at 5 
minutes for 5 micrograms or 5 micrograms minus the precipitate of cata- 
lase); the abscissa, ml. of antiserum per 200 micrograms of catalase. Each 
set of symbols of one kind represents an independent experiment. In Fig. 
1, A only the solid circles refer to Preparation Co. 


and (2) the reduction in activity is not proportional to the amount 
of antiserum added, over the whole range. Instead, there is the 
appearance of activation by small amounts of serum, although a 
precipitate was removed. The volume of horse catalase-anti- 
catalase precipitate in the tubes was roughly half that of the 
beef catalase-anticatalase formed at the same ratio, and the 
amount of serum required for complete removal of horse catalase 
activity roughly twice that for beef. This may be seen from 
extrapolation of the linear part of Fig. 1, B and was confirmed by a 
series of experiments with 100 micrograms of horse catalase. The 
zero time Kat. f. of the horse catalase at the time it was used was 


15,000 + 3000. 
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In experiments in which the precipitate was diluted along with 
the supernatant fluid, little or no loss of activity occurred, as 1s 
shown in Table I. The resuspended precipitate was also active, 
although less so than parallel precipitates not centrifuged. The 
precipitates did not dissolve in the washing, and on dilution 
formed an opalescent suspension, also apparently without dis- 
solving. The activities given in Table I are the 5 minute A 
values. For the normal serum control and for the mixture of 
precipitate and supernatant these contain 5 micrograms of catalase 
per 50 mil. of reaction mixture; the supernatant figure is for 5 


TABLE I 
Activity of Catalase-Anticatalase Compound 


Preparation | Preparation C2 


0.2 mi. antiserum 0.35 ml. antiserum 0.8 ml. antiserum 
per 200 micrograms per 200 micrograms per 200 micrograms 


catalase | catalase | catalase 
Activity | Activity | | Activity | 
per cont| per cent ow cent 
Mixture...... 0.0623 | | 
mixture | | 
Normal minus supernatant. 0.0264 0.0261 | 0.0790 | 
Precipitat | | | 
32 | 65 


Normal — supernatant. 


micrograms less the precipitate, and the precipitate is that re- 
sulting from 5 micrograms of catalase. 

The precipitin titer of the beef catalase against the serum, that is, 
the greatest dilution which still would form a ring of precipitate 
when layered onto the antiserum, was 1:300,000. The horse 
catalase gave the precipitate out to 1:200,000. Dog liver catalase 
also gave a definite precipitate, but since its purity was low and 
concentration not known, no titer can be given. 

Since the prosthetic group of catalase is supposed to contain 
hematin, at least in part (6), it was of interest to determine if 
any cross-reactions occurred between the anticatalase and either 
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hematin or hemoglobin. To test this a 0.5 per cent solution of 
recrystallized hematin was prepared and added to the anticatalase. 
No precipitation was observed, so an inhibition test was made by 
treating the anticatalase first with hematin and then with catalase. 
To 0.3 ml. of antiserum was added 0.2 ml. of hematin solution. 
This was incubated for | hour at 37° after which 0.5 ml. of catalase 
solution was added. In no instance was any inhibition obtained, 
as evidenced by a change of the precipitin titer with respect to 
the catalase. Beef hemoglobin as test antigen also failed to give 
any reaction, 


DISCUSSION 


Kirk and Sumner (10) coneluded that the combination. of 
antibody and antigen is made in such a manner as not to involve 
the part of the molecule responsible for urease activity, and that 
such decrease of activity as is observed can be attributed to de- 
—erease in the dispersion of the enzyme. This raises the question 
of whether or not the cross-reaction between soy and jack bean 
urease is due to some common group other than that responsible 
for the enzymic activity. Our findings are essentially the same 
as those of Kirk and Sumner, but the proteins involved are of 
perhaps more widely divergent origin; namely, beef, horse, and 
dog. The absence of inhibition with hematin does not permit 
us to conclude that the prosthetic group of catalase is not re- 
sponsible for its immunological cross-reactions, because Sumner 
and Dounce have shown that a second side chain is present. More- 
over, in the analogous experiment with hemoglobin, Heidelberger 
and Landsteiner (11) found no inhibition by hematin of the 
precipitin reaction of hemoglobin and antihemoglobin. Until 
further immunochemical study is made of the whole prosthetic 
group of catalase, we are limited to speculation on three pos- 
sibilities: (1) The prosthetic group plays no part in the immuno- 
logical reaction and the cross-reactions are due to similar protein 
portions of the enzyme; (2) the specificity is due in part to the 
presence of the prosthetic group, but the site of antigen-antibody 
formation does not involve the hematin or other group; or (3) 
the prosthetic group is involved in the antigen-antibody reaction, 
but such a combination does not inhibit the activity of the enzyme. 

The activity of the suspended precipitate might be thought to 
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be due to its dissociation. This would remove the basis for the 
conclusion that the antibody does not affect the active part. Such 
a dissociation cannot be absolutely ruled out, but it seems un- 
likely, (1) because the solutions in which the precipitate was 
washed show no activity (enough anticatalase being used to pre- 
eipitate all of the catalase), and (2) because the precipitate re- 
mained undissolved, as shown by the opalescence of the suspension. 

If as a measure of immunological relationship we take the ratio 
of the amounts of antiserum required to precipitate two different 
proteins, the relationship between beef and horse liver catalases 
(1:2) appears to be nearer than that which Kirk (12) found be- 
tween the ureases of jack and soy beans (1:20). However, the 
experiments were conducted under different conditions. Since 
hemoglobin is a similar conjugated protein, it is of interest to 
compare specificities. Heidelberger and Landsteiner (11) found 
no precipitation between anti-horse hemoglobin and beef hemo- 
globin. They did find an inhibition reaction between several 
hemoglobins and the anti-horse hemoglobin. Hektoen and Boor 
(13) tested dog, beef, and horse hemoglobins with all the cor- 
responding antibodies, finding no cross-precipitation. Apparently 
the catalases are more alike in these species than the hemoglobins. 

We are unable to account for the apparent activation of the 
horse catalase by small amounts of anticatalase. The effeet may 
be an irregularity of particular experiments, but it has appeared 
in two independent series. The proportionality between beef 
catalase removal and the amount of serum, over a large range of 
ratios, would seem to indicate combination in definite proportions. 


We wish to thank Professor W. D. Harkins for the use of facilities 
of the surface chemistry research project. 


SUMMARY 


1. Crystalline beef catalase acts as an antigen to stimulate pro- 
duction of an antibody not present in normal rabbit serum. 

2. This antibody precipitates the antigen in definite proportions. 

3. The catalase-anticatalase mixture is almost unimpaired in 
catalase activity. Such loss as is observed is probably due to 
decrease in dispersion. 

4. Catalase prepared from dog and from horse liver is also 
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precipitated, horse catalase requiring twice as much antibody 
as does beef. 

5. The anticatalase does not react with hematin or hemoglobin, 
either for direct precipitation or for inhibition of catalase pre- | 
cipitation. 


BIBLIOGRAPHY 


1. Kirk, J. 8S., and Sumner, J. B., J. Biol. Chem., 94, 21 (1931-32). 

2. Northrop, J. H., J. Gen. Physiol., 13, 739 (1930). 

3. Seastone, C. V., and Herriott, R. M., J. Gen. Physiol., 20, 797 (1937). 

4. Ten Broeck, C., J. Biol. Chem., 106, 729 (1934). 

5. Northrop, J. H., and Herriott, R. M., in Luck, J. M., Annual review 
of biochemistry, Stanford University 7, 38 (1938). 

6. Sumner, J. B., and Dounce, A. L., J. Biol. Chem., 127, 439 (1939). 

7. Stern, L., and Battelli, F., in Oppenheimer, C., Die Fermente und ihre 
Wirkungen, Leipzig, 5th edition, 3, 1390 (1929). 

8. Agner, K., Biochem. J., 32, 1702 (1938). 

9. von Euler, H., and Josephson, K., Ann. Chem., 462, 158 (1927): Ber. 
chem. Ges., 66, 1749 (1923). 

10. Kirk, J. S., and Sumner, J. B., J. /mmunol., 26, 495 (1934). 

11. Heidelberger, M., and Landsteiner, K., J. Exp. Ved., 38, 561 (1923). 

12. Kirk, J.S., J. Biol. Chem., 100, 667 (1933). 

13. Hektoen, L., and Boor, A. K., J. Infect. Dis., 49, 29 (1931). 


| 
| 
| 
| 


_ 


ELECTROLYTIC REDUCTION AND DETERMINATION 
OF OXIDIZED GLUTATHIONE 
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Oxidized glutathione (GSSG) usually is determined in its. sulf- 
hydryl form (GSH) after reduction. The accuracy of its de- 
termination therefore depends upon (1) the completeness of re- 
duction, and (2) the specificity of the method used for estimation 
of GSH. 

A specifie method for determining GSH based upon the activat- 
ing effect of the latter on the enzyme glyoxalase was described 
previously by one of us (1). At that time, the procedure could 
not be apphed to oxidized glutathione since no means was known 
for reducing the oxidized to the reduced form without introducing 
materials which were toxic to the enzyme. This difficulty now has 
been overcome. Electrolytic reduction in an acid medium with a 
mercury cathode has been found to change GSSG to GSH rapidly 
and completely; the resulting solution has been found to be suitable 
for GSH estimation by the specific glyoxalase method (1, 2) as 
well as by the more common but less specific iodometric pro- 
cedures. 

The electrolytic reduction of GSSG is complete even in the 
presence of protein-free filtrates of biological material; this is not 
the case with the Zn reduction used by many investigators. 
Quensel and Wachholder (3) after adding GSSG to blood or tissues 
were able to recover only a small part of it after Zn reduction. 
They assumed that GSSG was bound to the protein and did not 
pass into the filtrate. Electrolytic reduction, however, shows 
that all of the added GSSG was in the filtrate. There appears to 
be some condition of the filtrate which leads to inhibition of the 
Zn reduction. The observation of Oberst (4) that GSH added to 
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plasma, serum, or hemolyzed blood disappeared and could not be 
recovered even after Zn reduction may be explained on the same 
basis. GSH added to plasma or serum rapidly becomes oxidized, 
and in the oxidized form would not be recovered by this method. 
It is entirely recovered after electrolytic reduction. 

By the combined use of electrolytic reduction and the glyoxalase 
method of estimation, no oxidized glutathione has been found in 
sulfosalicylie acid extracts of blood or tissues. 


Electrolytic Reduction Procedure 


Fig. 1 shows a diagram of the reduction system. 

Direct current is supphed from any convenient source (/). 
The voltage is regulated by a slide-wire potentiometer (P) and 
the current passing through the electrolytic circuit is measured by 
the milliammeter (MW). Connection is made with the cathode, 
a layer of mercury in the bottom of a small beaker or test-tube 
(C), by means of a platinum wire electrode dipping below the 
surface of the mercury. Over the mercury is placed the solution 
to be reduced. The mereury or mercury-solution interface is 
stirred mechanically by means of a small glass paddle stirrer. 
A KCl-agar salt bridge (B) is used to make connection with the 
anode compartment (4A) which contains 4 per cent sulfosalicylic 
acid. Into the acid dips the anode itself, another platinum wire 
electrode. Connection with the potentiometer then completes 
the circuit. 

The current necessary is dependent upon the area of the mercury 
surface. Current densities of about 2 to 4 milliamperes per 
sq. em. (caleulated from the cross-section of the cathode vessel) 
have been found most suitable. Sinee current density = current 
+ area, less current will be needed for a small cathode vessel 
than for a larger one. In the system described, a current of 
greater than 40 milliamperes never is required. The resistance 
of the circuit is such that this current is produced by about 35 
volts. The current may be supplied from radio B batteries, but 
direct current from a supply line, or alternating current which has 
passed through a rectifier, is preferable. A potentiometer having 
a resistance of about 1800 ohms with a capacity of 0.5 ampere 
will be required to regulate the current as desenbed. 

The cathode vessel should be chosen so that the depth of solu- 


| 
j 


J.-S. Dohan and G. E. Woodward 395 


tion to be reduced is about 0.5 to 0.7 em. This requirement is : 
met by using approximately 10 ec. in a 100 ee. beaker (4.6 em. 3 
diameter), 5 ce. in a 30 ec. beaker (3.2 em. diameter), or 2.5 ce. § 
in a 22 mm. test-tube. With more liquid the reduction is very 
slow. With less liquid it is difficult to immerse the end of the 
salt bridge completely without making direct contact with the 
mercury. The amount of mercury used as the cathode must be 
sufficient to cover all of the exposed wire of the platinum electrode. 


Fic. 1. Apparatus for electrolytic reduction of GSSG 


Stirring is an essential factor. Since reduction occurs only at 
| the mercury-solution interface, it will be more efficient the more 
| rapidly the layer of solution at the mercury surface is changed. 
The stirrer is placed just below the surface of the mercury, in- 
stead of in the solution, in order to avoid striking the platinum 
electrode or the salt bridge. Stirring of the mercury agitates the 
solution sufficiently. The speed of stirring should be as rapid as 
possible without breaking up the surface of the mereury into small 
globules. When this occurs, reduction is seriously impaired. 
Any stirring unavoidably increases the surface area of the mercury, 
but this effect is disregarded, as is customary, in the calculation 
of current densities. 
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Salt bridges are made as usual from 1 per cent agar in saturated 
KCl. The bore of the tubing used should be 3 to 4.5 mm. For 
40 milliamperes a bridge of at least 4.5 mm. bore is desirable. 
This will become slightly warm during passage of current, while 
with smaller bore the higher resistance causes enough heat to melt 
the agar. However, a bridge of 3 mm. bore suffers no heating 
when the current is 16 milliamperes or less, and is more convenient 
to use when the cathode vessel is the 22 mm. tube. Eventually, 
the cathode end of the salt bridge may collect a harmless white 
deposit. Also the agar disappears slowly from this end, but the 
empty portion need be cut off only when the space is sufficient 
for a bubble of hydrogen to collect and decrease the current. 

The purpose of the 4 per cent sulfosalicylic acid in the anode 
compartment is merely to make connection with the anode. 
With continued use this acid becomes yellow and finally brown, 
after which it should be replaced. | 

In actual practice, all of the apparatus en assembled 
according to the diagram (Fig. 1) except the cathode vessel and 
salt bridge, which are chosen each time according to the volume of 
solution to be reduced (Table II). For each reduction, the proper 
amount of mercury and the solution to be treated are placed in 
the cathode vessel; when the latter and the salt bridge are placed 
in position, as shown in Fig. 1, the circuit becomes complete. 
Stirring is started and adjusted to the proper speed. The current 
is turned on, regulated by the potentiometer, and allowed to flow 
through the circuit for a suitable time. After current and stirring 
have been stopped, the solution is pipetted off and analysis for 
GSH is made directly on the solution without further treatment. 
The mercury and salt bridge are washed with distilled water and 
dried with filter paper between reductions. 


EXPERIMENTAL 


Effect of Acidity and GSSG Concentration on Degree of Reduction 
—Sulfosalicylic acid had been shown previously to be an ideal 
medium in which estimations of reduced glutathione could be 
made. The acid protected against autoxidation of GSH (5), and 
such acid extracts of tissues, when neutralized, were not toxic to 
glyoxalase (1). Furthermore, no toxicity has been found to 
develop in acid submitted to the electrolytic reduction process. 


4 
| 


Dohan and G. 


Woodward 


397 


Electrolytic reduction of GSSG! in pure sulfosalicylic acid and in 
sulfosalicylic acid extracts of blood and tissues was therefore 


studied (Table 1). 


TABLE | 
Reduction of G: SSG in Different Media 
2 Conditions of reduction 
mg milli- 
per am- 
cent pere 
Sulfosalicylic acid... 5 46 | 40 | 2. 
*~ 10 46 | 40 | 2. 
46 | 40 | 2. 
Plasma filtrate, 1: 10 46 40 2. 
50 | 2.5) 22 | 16 | 4. 
“ 1:2... | 2.5 22) 8 | 2. 
Serum ic2.. 25 32 | 17 | 2. 
Red blood cell Sitrate, | 
| 20 | 46 | 40 | 2 
Serum | 
Red blood cells. 46 | 40 | 2 
10 2.3.22; 8 
Liver filtrate, 1:10. 
| 10 | 2.5) 22 | 16 | 4 
Muscle 10; 2.8 22 | 


16 


Time 


101 


Recovered 

as GSH 

3 | 43 

per per 

cent cent 
| 101 | 
94 

96 98 

95 

100 100 
| 102 | 
100 
98 

97 | 97 

95 104 

96 102 

9S 

| «98 

| 102 

| 94 


The degree of reduction was found to be equally satisfactory in 


all of the acid concentrations used, 1.8 to 3.4 per cent. 


A slightly 


1 The oxidized glutathione was prepared from a pure sample of reduced 


glutathione by the method of Pirie (6). 


The purity of the oxidized sample 


was established by iodometric (5) estimation after Zn reduction in 2 per 
cent sulfosalicylic acid solution. 


a: 
min. 
10 
10 
10 
10 
15 
| 10 a 
20 
10 
LS 
20 
20 
15 
15 
- £ 
15 
£4 
10 
> 
| 


REDUCTION 


398 Oxidized Glutathione 


higher acid concentration than the usual 2 per cent (about 2.3 
per cent) is preferable because the reduction causes a decrease in 
the acidity of the medium. Otherwise, when the reduction is 
stopped, reoxidation of the GSH is likely to occur. 

Concentrations of GSSG up to 50 mg. per cent were quantita- 
tively reduced in the blood and tissue filtrates as well as in the 
plain acid. Therefore, the method should enable the determina- 
tion of any amount of GSSG which might occur naturally in the 
usual extracts of blood or tissues. 


5 10 20 40 


TIME (MIN.) 


Fic. 2. Reduction of 50 mg. per cent GSSG in 1:2 serum filtrate with 
different current densities. O represents current density of 4.2 milli- 
amperes per sq. cm.; X, 2.1 milliamperes per sq. em.; (J, 1.05 milliamperes 


per sq. cm. 


Relation of Current Density and Time to Amount of Reduction 
Successive 5 ce. samples of 50 mg. per cent GSSG in a 1:2 serum 
filtrate, made with sulfosalicylic acid in such a way that the acid 
concentration of the filtrate was 2.75 per cent, were reduced in a 
30 ce. beaker as the cathode vessel, with a4 mm. salt bridge. The 
extent of reduction was determined by iodate titration, since it 
had been shown previously that such titrations give reliable figures 
for GSH in blood filtrates, agreeing with those obtained by the 
specific glyoxalase method (1). The results obtained by variation 
of the time of reduction and the current density are plotted in 
Fig. 2. 

Fig. 2 shows that the reduction rate is nearly proportional to the 
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current density. Treatment continued after the reduction is 
complete does not cause, in general, any loss of GSH within 60 
minutes, even with the highest current density. The GSH value 
also remains constant with GSH and GSSG in plain 2.75 per cent 
sulfosalicyhe acid and with GSSG in a 1:5 liver filtrate containing 
1.8 per cent sulfosalicylic acid. Determinations for GSH in the 
liver filtrate were made by the manometric glyoxalase method 
because of the inaccuracy of iodometric procedures in. tissue 
extracts. 

In contrast to serum or tissue filtrates, plasma filtrates contain- 
ing GSSG may not be submitted safely to the electrolytic treat- 
ment much beyond the minimum time required for complete re- 
duction, unless the GSH so obtained is measured manometrically. 


TABLE II 
Standard Conditions for Electrolytic Reduction of GSSG 


| Cathode | Current 
Volume of C S surface area | density 
solution athode Salt (calculated Time of 
vessel bridge | Current 
(approx- 1i | from cathode current reduction 
diameter bore 
imate) | vessel | area 
| diameter ) | 
ce em sy. om milliamperes milliamperes min 
2.9 2.4 3 3.8 16 4.2 10 
5 3.2 4 8 .O4 34 4.2 10 
2.4 20 


10 4.6 4.5 16.6 40 


When the reduction proceeds longer, the titration value begins 
to decrease. This phenomenon is attributable to the interference 
of the oxalate used as an anticoagulant. Oxalate added to pure 
sulfosalicylic acid solutions of GSSG has the same effect. It is 
conceivable that, in time, a carboxyl group on the oxalie acid is 
reduced to an aldehyde (7) which combines with the sulfhydry! 
group of the reduced glutathione (8). The titration value is 
lowered thereby, but for some reason the glyoxalase reaction is not 
affected. 

In view of these results, the foregoing sets of conditions have 
been adopted as standard procedure (Table II). 

GSSG Content of Blood and Tissues—Blood and tissue extracts 
were made with sulfosalicylic acid as previously reported (1). 
For the reduction of the blood filtrate, 5 ec. were used in a 30 ce. 
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beaker with 34 milliamperes; for the tissue filtrates, 1.5 to 2.5 ce. 
in a 22 mm. tube with 16 milliamperes. <A reduction time of 10 
minutes was used. Estimations of GSH were made by the mano- 
metric glyoxalase method. 

Table III shows that approximately the same GSH content of 
the filtrates was found after reduction as before, indicating that 
none of these tissues or blood contains any oxidized glutathione. 
This is in distinct disagreement with the work which Fujita and 
Numata (9) recently reported. Their method, consisting of re- 
duction by HS and removal of ascorbic acid by ascorbic acid 


TABLE II] 
GSSG Analyses in Blood and Tissues 
GSH found 


Materia! analyzed ; 
Before After 


reduction reduction 
mg. per cent mg. per cent 
Blood plasma, rat (heart puncture)............. 0 0 
Whole blood, 60 | 60 


oxidase, followed by iodometric titration, indicated that up to 
63 per cent of the total glutathione in blood was in the oxidized 
form. Considerable amounts were also found in most tissues. 
There is some likelihood that the increases in titration which these 
authors found after reduction, and which they attributed to GSSG, 
are due to incomplete removal of H.S. The presence of traces of 
HS in filtrates reduced by their method was suggested when these 
filtrates were submitted to analysis for GSH by the glyoxalase 
method. The GSH value in such filtrates was always lower than 
before reduction, and filtrates with added GSH showed incomplete 


recovery of the GSH corresponding to the toxic effect of about 
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0.00005 N H.S on glyoxalase. This amount of H.S in the dilute 
(1:20) filtrates can consume enough iodine to produce a tre- 
mendous error when the data are caleulated as mg. of GSSG per 
100 gm. of tissue. 

Effect of Electrolytic Reduction on Cystine and Dehydroascorbic 
Acid—2 cc. of 20 mg. per cent cystine or dehydroascorbie acid in 
3 per cent sulfosalicylic acid were submitted to reduction in the 
22 mm. cathode tube with a current of 8 milliamperes (current 
density 2.1). In 10 minutes the cystine was reduced quantita- 
tively, while with dehydroascorbic acid no reduction had taken 
place in 20 minutes. 

Comparison of Zn and Electrolytic Reduction of GSSG—Reduc- 
tion by Zn in acid solution has been a common method for con- 
version of GSSG to GSH. Several investigators (3-5) haveshown 
that in plain sulfosalicylic acid solution the reduction was quanti- 
tative. However, Quensel and Wachholder (3) were able to re- 
cover as GSH after Zn reduction only a small part of GSSG added 
to blood or tissue. They believed that the GSSG was bound in 
some way by the proteins and did not pass into the filtrate, al- 
though added GSH was entirely filtrable. Our experiments in- 
dicate that GSSG is also completely filtrable. As shown in Table 
I, GSSG could be added directly to blood plasma or serum and 
recovered quantitatively as GSH after electrolytic reduction of 
the filtrate. In substantial agreement with Quensel and Wach- 
holder, we were able to recover only about 35 per cent of the added 
GSSG by Zn reduction of the same filtrate. Therefore, it is shown 
that the added GSSG is not bound to the proteins, that it is com- 
pletely filtrable, but that Zn, in the presence of the plasma or serum 
filtrate, is not able to bring about complete reduction of the GSSG 
present. 

Oberst (4) has observed a similar phenomenon which he called 
“the phenomenon of disappearance of glutathione (total) from 
blood.”” On addition of GSH to plasma or serum, the GSH was 
rapidly lost, and he was able to recover only a small part of the 
material after Zn reduction of the protein-free filtrate. It ap- 
peared, therefore, that the loss was due to some cause other than 
oxidation, apparently associated with the plasma proteins. How- 
ever, by electrolytic reduction of such a filtrate, we have been 
able to recover all of the original GSH with incubation periods 
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up to 3 hours (Table [V), even when the GSH had disappeared 
completely from the incubation mixture. It was also observed 
(Experiment C, Table 1V) that when GSH and serum or plasma 
were allowed to incubate in the absence of oxygen, no loss of GSH 
occurred in short periods of time. Furthermore, when the pH 
of the mixture was lowered by buffering (experiment A, Table IV), 
the loss of the GSH in the presence of oxygen was considerably 
less than at a higher pH where, as is known, autoxidation of GSH 
readily occurs. The disappearance of glutathione, therefore, 
seems to be due entirely to oxidation, and the phenomenon with 


TABLE IV 


Disappearance and Recovery after Electrolytic Reduction of GSH 
Added to Blood Plasma 


The values represent the per cent found before and after reduction. 


Anaerobic 
or 
Aerobic incubation incubation 


Experiment C, 


Experiment A, 100 mg. | Experiment B, 50 mg. | podry 
(95°) per cent GSH in 1:2 plasma — percent GSH in 1:2 plasma 5 
(buffered to pH 7) | (unbuffered, pH 7.8 to 8.6) (unbuffered, 
pH 7.7) 
Before After | Before After Before 
min, 
30 100 
60 | R4 | 101 | 39 
| 97 9 
240 | 2 99 


which Oberst was concerned was the inability of Zn to reduce 
GSSG completely in the presence of plasma or serum constituents 
which had also passed into the acid filtrates. 

Zn treatment, however, will completely reduce GSSG in plasma 
or in red blood cell filtrates which are obtained by the use of tung- 
state in conjunction with sulfosalicylic acid for the protein pre- 
cipitation. Not only is the reduction of GSSG added to filtrates 
or to the original material complete, but also the evolution of 
hydrogen from the Zn is increased enormously, thus creating a 
desirable stirring effect. The proportions and amounts of tung- 
state and sulfosalicylice acid are different for plasma and red blood 
cells, and no compromise could be found that was successful in 
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the case of whole blood. As the Zn reacts with the filtrate, the 
tungstate is reduced, and a blue color is produced which turns 
brown in a few minutes. When the proper amount of tungstate 
has been used the color is not deep enough to interfere with the 
titration procedure, and usually disappears in an hour without 
any accompanying reoxidation of GSH. However, the color 
formation is objectionable, and, upon consideration of the facts 
that the glyoxalase method cannot be used after Zn treatment, and 
that the technique cannot be applied to whole blood, the procedure 
appears to be of no great practical value. It is of interest, how- 
ever, that a filtrate prepared by a method which is supposed to 
free it of polypeptides as well as of proteins is entirely susceptible 
to Zn reduction. 


SUMMARY 


1. An electrolytic method for reduction of GSSG to GSH in 
acid solution at a mercury cathode is described. The GSH _ so 
formed may be estimated by the specific glyoxalase method, thus 
providing a specific method for the estimation of GSSG. 

2. GSSG added to sulfosalieylic acid extracts of blood and tis- 
sues, or to the blood constituents directly, was completely re- 
covered as GSH in the protein-free filtrates after electrolytic 
reduction. Reduction of GSSG in these filtrates by Zn was only 
partial. 

3. No GSSG was found to occur naturally in blood or in tissues. 
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